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CMOS 13?rVES11ER CIRClJirS IJTlLmNG 
STRAINED SIOCON SmFACE CHAI^L MOSFETS 

5 This appHcatioii ckims priority froHi pro^dsioBal appHcaiioB Ser. No . 60/250,985 

filed December 4, 2000. 

This appKcatiou is a contdaaatioii-iii-part of patent applications Ser, No. 09/884,1 72 
and Set. No. 09/884,517, both filed jane 19, 2001, 

1 0 The inveafion lelates to the field of strained silicon (silicoa wheie the 

crystaHograpfaic sfmcture has beeu modified io iocreas« earner mohility) surface channel 
MOSFETs {Metal Oxide Semiconducfor Field Efiect Transistors), and, in pasrticuJar, to 
udaig these MOSFETs m CMOS (Complimeutaty J^foial Oxide Semiconductor which 
contain both a WAOS and PMOS device) inverfers (a circuit where the output waveforra 

1 S rises and falls with the opposite waveform, at tiie ii^ut) as well as in other integrated 

circuits. Inverter circuits are used as basic building blocks of all Very 1 .arge Scale 
Integrated (VLSI) designs since they allow for a b^io smtch (on or off state device). 
Hence, a basic inverter circuit of VLSI design can be used ubiqiiitously. The design of these 
CMOS inverters are so essential to VLSI design that detail trade-offs are ntade between tiie 

2 0 types of substrates used, flie size of the devices used in the basic CMOS mveiter circuit, as 

well as the semiconductor processing equipment and semiconductor nmterials used to msiks 
these devices. 

Ti otn the 1970's to flie year 2001 , gate lenglhs (She phy>^ica1 distance between the 
vmicii and the drain of a MOSFET device) have decreased b; two oiders of magiiimde in 

25 order to speed up MOSI-LT desices, Drs decieast. oi gats lengths ha? rcijtjiting in a 30" o 
tmpiovoment in the price/performance per yeai as wcli as drablically iinproxed densiiy 
(number of MOSFBT devices per unit area) and lias dnjstioally reduced die power needs of 
the devices, , - ., 

Otk' -,MiS to increa*!!; the speed, impro%t tksx^ i"^ iC l>> r pov.t.t ot the MC^SM I 

30 de\ Kes to bhnnk the \K i- ^ dosio 1 > -rjc K pJ -i^ ,il osiim^. b) jni>\ mg rhe 
d(_V}ccsfeoiuce aiiildiar ) l is.Ion i > ..ih^ '!!■■, MObVM g.itc kn^th) iliishas 
bfen the instn djrtcrtnn i * t>* ^ ■-ci c<'\ d v'or md. -tt . ani this has been success^fiilly 
impVmcJitc d b> vuhanciag anJ !i'pTo^!Il„ -emKoiiduclor pToces>> ieehnology, eg. 
opucai photohdiography tools, defect cleaning tools, etc., and enhancing and unproving the 
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setmcoiidiicfoi mateiials e g photoiesist !?i^TcijjK pie -SLiifK •ilmatt.iijils elc 

\'j VU>Si i i dc\it.e si-'cs titemaJ^ - vJIlt t-na dt->uncO in the vt,b mivjoti 
rcgmit the asxKiatod cost uf new semkorduciO! tooN oihI semRond'-icTot macnai'? i:an K 
prohibi iv<_ I oi m-^'ai tc a acw Ntate of the art C MOS f ictim iinh xK^c rcvv 
5 &s.Trm,oiKiuot( u tooU ctjid -vCmKonductor matoriaK lor use ui s;,mjcoiidiK i^h Katjon m 
■.o^i ratwc tJiat) ^2 bdliOT duJhrs per !>eancyttducror fab icatjon plam Ibts is a Utsac 
kvestmmt of money consideting fttat the senucoadactor processing eqiiipmeiit and ttie 
semiconduct&r materials »ie generaUy only useful for two scaling geaetatioas (3-4 years), 

10 in adfiition to economic constraints, physically shrinking device size is quickly 

£^pproachl»g solid state physics consttainte of the device materials. Fundamental solid state 
physios limitatioas such as gate oxide leakage and source/drain resistance make ecaitinwed 
sjinimiisatioit beyond 0.1 mtcromet^s (pm) gate length di^cult if not impossible to 
maintain. 

15 la osdar to cope with bo& the costs of advanced semico»dact»f processing tooling 

and eqnipment and £be costs of ilis semiconductor materials and the limitations of the sohd 
state physios limitations, semiconductor researchers ate actively seeking new sttbstrate 
materials that are enhancements over bulk silicon. These new substmte materials may allow 
the MOSFET device to obtain incresuses in speed and reductions in power without 

2 0 necessarily shrinking device size. These enhanccmmts may lessen or put off new 
semiconductor pmcessing tooling and new semiconductor materials ibr a generation,. 

One new substrate material used in the art to enhance speed and reduce power is the 
use of Gallium Arsemde {Ga As), which has higher electron ntohility than the b«lk silicon 
substrate materials. However, there is a limitation in the use in Complimentary FET 

2 5 devices (required for circuit design) where there are both N doped FET's (NFET's) where 

eiecttoa flow is predominant and P doped FBT's (jPFET's) where hole flow is predommant 
Tlie NFET devices will have higher speed because of the higher electron mobility in OaAs, 
bnt the PFET devices do not see the larger increase in their speed smce the hole mobilitj' is 
not dramatically enhanced. This limitation causes an asymmetty problem for 

3 0 complementary FET architeclsre uses in circuitSj like inverts. 

In addition to &is limitation, there is a furdier limitation since the GaAs devices are 
usually fabricated with Schottisy gates, which have largesr leakage currents. These leakage 
cur!5ents are ordcais of magnitades higher than MOS shtic^res. The excess leakage causes a 
limitation since it leads to an increase in the "off-state" power consmnplion of citcuits, 



2 



which makes it uuacceptablo for li^.Kn.onal (.ixcuiK S;hoUkv gate& ha\u a fiiriiiei 
liiaiiation in that the pro:v\--'=;i Jov,;, n^i' ai^nw ioi ^e!:-:ihgned gate technology, \^.hicb 
enjoyed hy MOS stnicfiiios, and 5h\^ u p.ca\^ )- C 1 or. (, -.s ^ hiivc laigcr g<iic4o-yom<,c 
and gatc-to-drain fe«istaiKCS. FniiiH*. avid'T!<! uu . "Mtauon i'^ thai GaAs proccsi.ing doe"* 
5 not enjov the same ecojjomies of scak ibat }ia.\'o cmisod siiicoti lechnologies to Qii jve, since 
thev ui<. not xsidely used m higb volume senacoaductor pioccssing. As a result, wide-scale 
prodiictton of {3aAs ctrctiits wottld be extiemely cosily to implement. 

Auo'iher new substrate niaterial used in the <m to enhsincc bjxjed anu reiluct; powi i& 
thf uiie oC fahricatmg dc\icei> on sUicon-on-insuUttor (.SOft subsnaies. In a $01 subiUatc 

10 has,cci dcvice. a buncd oxide layer prevents the device chaiinsl fiom being depicting. 
Partially dqiieted de-vicci offer impro-venicnts m the junction area cipaoitanoi., iiie device 
hodj ottcci^ and the gatc-to-body coupling capacit£inces>. all which lead to fas>iet devices and 
lower power devices, in (ite b«J8t-casc scenario, these device impro-ventenls will result iti up 
to 18% saliancemeat in cirsaat speed. However, fhesre is a limitation since this impi-oved 

1 5 perfooMnce comes at a cost. The partiaily depleted floating hody of the FET device causes 
an uncontrolled lowraTlng of the threshold -(.'oltage, known as the floating body effect. Uiis 
phenomenon increases the ofT-state leakage of the transistor and thns Oj^ets some of the 
potential performance advantages, Circnit designers can sactmct eahancemeivfe through 
design changes at the architecstaral level. However, this level of redesign can be c<Ktiy and 

2 0 thtis is not economically advantageous for all Si CMOS products . 

In addition to tiis limitation, there is a Air&er limitadpn that the reduced junction 
capacitance of SOI devices is less important for high fonctioiiaiity circuits where &e 
interconnect capacitance is dominant As a result, the enhancement offered by SOI devices 
is limited in its scope. ' 

25 Another new subsarate matjerial used in the art to eifljance speed and reduce powa: is 

the nse of mobiUtjr enhancement in devices created on a sttaitwd silicon substrate. To date, 
efforts have focused on circuits that employ a bttried ckatmd device for the P doped 
MOSFET (PMOS). aJid a surface eham&l device for fee N doped MOSFET (NMOS). This 
arrangementptovides tfee maximnia mobility enhancem^l^ however, there are limiiatians. 

30 At high fields, the buried ehamel PMOS device petformaace is complex due to the 
activation of two carrier chajmeis, and fherefeie device circuit design, as well as the 
semicondactot process that makes these buried channel PMOS "devices, becomes difficult 

ha addition to this Ihnitation, there is a fiirther Hmhation fhat in order to create a 
btnded channel PMOS device and surface channel NMOS device on the same strained 
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silicon siibsti ate, the coat of semiconductor fabrication required is significantly higher 
cotnpared to that for bulk sificoii {irocessing. 

It is iirst object of this invention to create a high speed, low power hi^i density 
CMOS inverter comprising a sartace dianiiel PMOS and sitrfcice chaiinel NMOS in a 
5 strained silicon substrate, where both PMOS and NMOS devices are on the same 
monolithic substrate to keep cost asid coniplexity down.. 

it is another objeet of this invention to create strained siiieon suri^ice ciiaiuiel 
substiates tJiat can be incorporated with SOI technology m order to provide ultra-high 
speed/low power circoits. 
10 It is another object of fliis invention to create a s^:amed siUcoa surface chamel 

CMOS inverts citctiit built on a bonded SiOe structure. 

It is another object of feis invention to create strained silicon surface cliaimel devices 
that cati be febiicated with standard silicon CMOS processiag tools and sesiicoadact»r 
materials allowing for perfortaance enhancement with tio additional eapital e3ipenditares. 
IS It is another object of ftiis inveation to create high speed or high frequency of 

opemtion CMOS inverter cinsui^ using PMOS or NMOS strained silicon surface channel 
devices while keeping liie power constant. This scenario is eseful for applications such as 
desktop con3|«iteis where fee speed is more crucial than p& power consumption. 

It is another object of this iaventioa to create a high speed or high frequency of 

2 0 operadon CMOS inverter circuit on a strained silicon surface channel device while keqping 

fiis power constant. By jndiciously swapping a strained silicon substrate for the bulk silicon 
substrate in the process, and takmg into account the changes in process (implants etc), 
cejrtain cimuit and design changes are made (supporting CMOS) to account for the increase 
in speeds for the CMOS inverter so fijat race conditions do not occur. This scenario is useful 
25 for plications such as desJdop eonjputers where the speed is more cmcial to the power 
consumption, , '' 

It is another object of this invention to create even higher speed or higher frequsney 
of qpemtion CMOS inverter circuit while keeping fte power consult by empioying strained 
siKcon in^rovements with constant V&o, Has, scenario is useM for applications such as 

3 0 desktop computejRs where the speed is more crucial than the power consumpiioa. 

It is anoiier object of ihis awentionta create a reduced power CMOS inverter 
eircnit used at constant speed or freq»«aEioy of operation. THim situation is most useM for 
portable applications that operate off of a limited power supplyl 

It is another object of this iaventilon to create more dense inverters based upon 
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PMOS or NMOi"i stramed silicon sorfece charaiel devices. 

II IS auo&er object of ttiis mvention to create a balanced operdtion CMOS mveitef 

It 13 another obiect ol tins iaveatios to create a balanced operation CMOS isvesEter 
S 01 rc Jit with dcv tc>. cdpaoitan;,i_ being doaiimnt ovei w iring capacttiiiit. c 

It IS another obj(Xt ojf iliis inveiition to create a balanced opemticm CMOS inverter 
circuit with de\ice ca^witante btrng dorctitiant over device capacitance. 

It IS ai-iot^ ^ t 00 . o. 1 s !'n ei tioa to create a strained silicon surface channel 
CMOS iiivmej vutiir tot bom ^my a«d ijhort channel devices 
10 It 14. anotlict object ot this jsvcutiyn to create siriiticd s-ln^oo s-ut face t.batiocl dc'\ ices 

tluit Mi, s<.cjlAblc (i.hnalablc in chm<.ns.ioub) usuig Uie slaiidaid silicon substtate scalmj, toob 
{pbotolithogiapby etc.) and matenals. Thus scaling caabe impiemeated in boQi long and 
siiort cliaiinel s iramed sii icon suriace de vices . 

It is another obieet oi tlsis luveBtion to create strained sibcon surface cljairael 
1 5 technologv, which is snnilar to bulk silicon ieclmolOi,y so tliat strained silicon channel 
devices can achieve all the other enhancement mefhods of balk silicon technologsf, e,g, 
isolation, implantation, wiring, etc. 

It is another object of this inventicai to use strained silicon surface channel CMOS 
chrcuite to build many basic digital circuits building blocks, 

20 

SUMMARY OF THE IN MENTION 

In accordance with &e invention, the perfomiance of a ,siUcoii CMOS ioverter is 
enhaticsd by increasing the electron and hole mobility. Ibis enhancement is acbievetl 
tiiixiugij deploying stirfece channel, strained-silicon, which is epitaxiaSly gmwn on an 
25 eogiiisered SiGe/Si substrate. Both t!ie n-t>^e and p-tv'pe channels (NMOS and PMOS) a}:e 
sitr&ce chaimei, enhancemem mode devices. This technique allows (he CMOS inverter 
peribmance to be improved (density, power, speed, or a combination theteoQ without 
adding complexity to cirooit fabrication ts" design. 

30 The Strained SllicoB Sabstrate 

When silicon is placed under tension, the degeneracy of fee conduction band splits, 
forcing two valleys to be occupied instead of six. As a lesaitj the iti-pkne, mom 
ten^iature elecftron mobility is dramatically incimsed. Mobilitj^ enhancements can be 
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UK oipowtoii mitt iho b i-,.. \50Si^ Tl r^a hintic CMOS inverter circait in amtmber of wa>ji 
.io doio'iovitrahd by tht nun-, oribo^ \mcnts ofthh mvcntion, but primarily tl^ough a 
smiKi nKiuctu! substrate inarerui feat allows for htramed sjIjcou puifact, ohaiirn.1 1'MOS 'd-id 
NMOv^ devices on the s^tnt. commci i nnrc!5i]<; Tkis Sttramcd i.Ki(,oti uubsiidLC 

5 a!lo"v\i. foi tnmmon s>.mR onOitctoi pioccs^mg and scTtucorductor matemh U> m used 
In ibt lusic -^tif inert silicon surface cbanoel PMOS and \MOS stnictisrc a 
composiaotulii, gjaded SjGc buffer layet ut.ed to tuccom n^idate the lartice m!?matcii 
btjivccri A relaxed SiOc layer and a Si 5.ubi!.{rate By 'jpitpdnjg the lattice iniMi atch over a 
di&ianco £ht biGc graded buttei mn irv/os the numhor oi dtsIoc?uoiis reachins, iho smface 
10 tind ibvK pntvidrs tot a jiielhtid o <j!0%\ in" hiL,h-qtMht> T«1:t>scd StCio Liycj-, on a -^ihcon 
subt.trate After this, an epil£i\!ali> grown sttamed whoon la\(,r ib grown on tht' rclaved 
Sj.<.rc la>ci S«ice ihc ktiioe constant of relaxed SiGv is iatger tlian Ihal of sihcon, ths, 
straiiied ^iiicon ^er is under btaxiai tenvSios and thas the carriers exhibit shatn-enhancQd 
mobility. 

1 5 Strained silicon surface chaimel devices can be fabricated wifla standard siKct^n 

CMOS processing tools and semicondactor materials. This con^patibility allows for 

performance enhancement wifh no additional c^tal sxpenditnres. 

The strained silicon sor&ce channel device technology is also scalable (shrinldng 

size) nsing the standard silicon substrate based scaling tools (pkotolithography etc.) and 
3 0 materials (fhmner gate oxide eto.). Hiis scaling can be itnplanjeated for both long and short 

channel devices. 

If desired, strained silicon snrtace cbarmel snbstiates cm be iacoiporated witfe SOI 
tBchnology in order to provide utea-feigh speed/low power circuits, Fitrtliennoie, strained 
silicon surface channel substrates can be mcoiporated wifh SiGe bonded wafers in order to 
2 5 provide ultra-high speed/low power circuits. 

Since strained silicon surface chaimel technology is similar to bulk silicon 
technology, it can use other enhancement mefliods used for bulik silicon substrates (ion 
implaniation, wiring ete.). As a result, strained silicon is an excellent " technique for CMOS 
inverter CEEcnit performaiMJs improvemenfes, 

30 

Ferformance Charucteristics 

There as?e two primary methods of extmcting performance enhancein<ait from fee 
increased carrier mobiiityj allowed for by strained silicon surJSice channel inverter circuite. 
In Jbe fiist meiiod, the ftequency of opetatioa can he increased while keeping &e 

6 
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power constaat Hie propagation delay of a CMOS inverter is mversely proportional to the 
earner mobility. Thm, if the carrier mobility is mcreased, as is the case wMi tte strainM 
silicon surface chaimel PMOS and NMOS CMOS inverter circuits, the propagation delay of 
the CMOS itiver ter circxut decreases, causing the overaO CMOS iBverter circuit speed to 
5 increase, Tliis scenario is useful for applicatiorss siich as desktop computsts where the 
speed is more crucial than the po\ver consumptioa. 

to fee second method, the power consmnption can be decreased at a constant 
frequency of operatioiL When the carrier mobility increases, the gate voltage of the devices 
in the CMOS Inverter circuit can be redaced by an inverse amotiat while mahitaining the 
10 same inverter speed of the CMOS inverter eircait, Siace power is proportional to the square 
of the NIV'IOS or PMOS device gate voltage of the CMOS inverter circuit, tie redaoticai 
results in a significant decrease in the power consnmption, Tliis sitotion is laosttise&l for 
portable applications that t^eiate off of a limited power sx^pfy. 

mm.P^mmmm m.™ i>RAmNGs 

1 5 Figore 1 is a cioss-sectioa of the strained silicon substrate struclare with a typical 

sttained siHcob sarfece channel MOSFET; 

Figares 2 A and 2B are graphs of mobility enhancemenfs vs. effective Field for 
electeons and holes, respectively, for strained silicon on Sis.xGex for 

Figare 3 is a table that displaj^ surface roagbness data for various relaxed SiGe 
20 buffers on Si substrates; 

Figures 4 A ard 4B describes a schematic diagiam of a CMOS inverter and its input 
and output vohage wavefonns respectively; 

Fig^ifes 5A-5C are schematic diagrams of fee structui«s of a strained silicon 
MOSFET, a strained silicon MOSFET on SOI, and a strained silicon MOSFET on a bulk 
25 silicon substrate on bonded SiGe, respectively; 

Figure 6 is a tabie ^wing electron and hole mobilits' aahanceraents measured for 
stmined silicon on 20% and 30% SiGe; 

Figure 7 is a table showing inverter characteristics for l.2|JtJn CMOS fabricated in 
both bulk and strained silicon w'hm the interconnect capacitance is dominant; 
3 0 Figure 8 is a table showing additional scenarios for strained silicon inverters when 

&e mterconaect capacitance is doniinant; 

Figare 9 is a table showing inveiter characteristics for l,2|.tm CMOS tabricated in 
foofc bulk and straiiied silicon when the device capacitance is domiaant; 

Figure 10 is a pnph showing NMOSFBT transconductance versus cijannel leagdi 
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for vadotis carrier mobiiities; 

Figere U is a graph showing fee propagation delay of a 0.25jj3H CMOS iaverter for 
a range of elec tron and hole mobiH^' eiiiitancements; 

Fig^irea i2A-12.E show 8 fabrfcatioQ pmcesss sequence for siraiaed siKcoa mi SOI 
5 substrates; and 

Figxires 13A-13C are circuit schematics for a NOR gate, aNAHD gate mid a XOR 
gate, respectively- 

PETAHJED PESCRIPTION OF THE INVENTrOK 
Strained SiBcou Surface Channel Devices 

10 

Figure 1 is a cross-section of the sabstrate stmctare 100 required to produce a 
strained sflicon surface chairael MOSFET. Poiysilicon gate 1 12 is on top of thin siKcon 
dioxide (Si02) dielectnc mataial 1 10, which is on top of biaxial strained silicon sarface 
layer 108, wMch is on top of reJaxed SiGe layer 106, which is on iop of graded SiGe layer 

15 102, wMch is on top of bulk silicon sotbstrate layer 104, These layers lare deposited using 
known, statidard semiconductor processes. 

The larger lattice cojistant, relaxed SiGe layer 106. ^plies biaxial strata to the 
sMcott sutfece layer 108. In Ms stnictare, a compositipnally SiGs graded buffer layer 102 
is used to accommodate ^e lattice mismaish betwem a relasied SiCe layer 106 and a silicon 

20 substrate 1 04, By sj^eading fee lattice misniatch over a thickness of fee SiGe graded buffer 
102, tbs SiGe graded 102 buffer aiininiizes the niimber of tkreading dlslocstims (a 
dislocation comprised of a "line of atoms" aot'*liued up" with fee crystallographic stmctore 
and which can cai^e electrical leakage) reaching fee nextlayer to be d^osited, which is the 
relaxed SiGe layer 106. Tliis SiGe graded buffer 102 provides a means for gtowmg Mgli 

2S quality relaxed SiGe layer 106 on silicon subsfeate 104. 

Subsequesntly, a strained silicon stjrfecs layer 108 below the critical thickness (fee 
thickness where it becomes energetically favorable to iniroduce dislocations) can be grown 
on the relaxed SiGe layer 106. Since fee lattice constant of relaxed SiGe layer 106 is larger 
fean feat of fee silicon substrate 104, fiie strained silicon sar&ce layer 108 is under biaxial 

3 0 tensim 1 50 (tension in both axes 160 and 170) and thus fee caiiieis exhibit strain-enhanced 
mobili^. 

In ^is stnicfure shown in Fl^te 1, the strained silicon surface layer 108 is placed 
imder biaxial tension by fee andsriyisg, larger lattice constant SiGs layer, Fiom a solid 



H 



wo mmm 



state physics point of view, it is well l<nown in tiie art that tbe stfain of the siiicoB layer 
causes the coiidaetbn band of the silicoii layer to split into tw'o-foM and foor-fold 
degensmte bands. The two-fold bmd Is preferentially occapied since it sits at a lower 
energy state, Uie eaergy separation between the bands is approxiiBately 
5 AE,^fe = 0.67-x(eV) (i) 



wliere x is equal to the Ge coateat m &e SiGe layer. The equation shown that the band 
splitting iiicreases as the Ge content increases. This splitting causes mobility etihaticemeat 
by l-wo mechanisms. First, the two-fold band has a lower effective mass, and fttas higher 

1 0 mobilit>' thaa the four-fold band. Therefore, as the higher mobililj' band beeome-s 

energetically preferred, the average carrier mobility increases. Second, since the carriers are 
occupjing two orbitals instead of six, and therefore inter-valley phonon scattering is 
reduced, ftirther enhancing the carrier mobiiity, 

lire effects of gennanium (Ge) concentration (amount of gemrajiium in silicon) of 

15 file Ge in the relaxed SiGe layer i 06 ia Figure i, on the electron and hole mobility of the 
surface chatutel siUcoit devices am be seen iu Figures 2A and 2B, res{X!ctivcly, Figures 2A 
and 2B are gi-aplis of mobilit>'- enhancemeivts versus effective fields in mega volts per 
centimeter for electrons and holes, respectively, for strained sUicon on Si^xGes for x=^10- 
30%. At 20% Ge, ihe electron enlianceinent at high jRelds is approxinmtely 1 .75 (relative Jo 

2 0 halk silicon) while the hole enhancement is essentially negligible. Above apjsroximately 

20% Ge, the electron enhancement satatates (no longer increases for increased Ge 
concentrations). This sataration occurs because the conduction band splitting is large 
enough that almost all of the electix'Ji^s occupy the high raobilitj' band. .4s shown in Figure 
2B, hole enhancement satiaation has not yet been obsm'ed; dierefore, raising the Ge 
25 concentration to 30% increases hole mobility by a factor of 1,4, Ho.le enhaiwement 

safuralion is predicted to occur at a Ge concentration of abouf 40%, The ability to sM more 
Ge to iEEcrease the hole mobiiitj'" without further increases in electron mobility will hecome 
useM in designing suffece cliamel CMOS inverter designs, " * 

Researchers have found that at significant increases in percent Ge content in &e 

3 0 SiGe iay^, the surface rou^i^s of &e SiGe layer increases and becomes problematic 

(e.g., it is hard to do submicron photoli&ogtaphy on it). Because of this, lesearehe^ have 
chosen to use low petcenteges of Ge ia the SiGe layes so snrface ronghness effects are 
tBinimized and tos see only the beaeiit of fee electron moMliiy, In &is case, leseasfchers 
do not see the enhancemmt of hole mobility aclneved at hi^er percentages of Ge. The low 
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hole mobilitj jj) <5i!fact. ohannei>J.^.cv ] ^ . tJ o hur-'e-,^ i.Ki i nove ohighcr 

I reconilv Lhc i i luml quality of relaxed biOf. on "^^j wa^ msuffictc n ioi 
uttli/iitiitn m {. MOS {abncation Dunng (spitaxtai gwvMlu t'lc i,t)rU^.s^ of the SiOe bc^inros 
5 V t,n ii-> igli aud LK^itCN crus<5haich6d patteim on the &uriavs. tlv' Si< te bv^.i s^, hich taiKcN 
hntbtt pxoblcms with sabwqaent photoiuhogt^jpin t > oil ih dc n.v Jf^radaton ^hko ihe 
g ito o ^K?t i« grow n on tbis 'tijriace ihis ro«gh«t,i»s \f, caubi^d bevdu&e ihc raalet ml on 
bE 13 K a^ t. d ^ i<i dibbcabon tntroduction Researchers liavc tried to conirol iJie &ut fate 
Boip xoiog\ ihhM))ih the grov,th process t^o\vevel, s.mce the strtj,"? fields trom the rai-^fii 

10 chsloiafirtiis itTctt ihc gtouti t, 01 1 f>o iKtnns c L,pit^\ja] sojutjon i-i possible Pdi No 
6 iO'",^'^''^ ibMied to I it/geutkl, mtorpoiatoc hesem bj- ictetencc dt.^cube^ a method ot 
itlaiiin/dtion aiKi r<;gto\sth ilidt allowb ali dcvu<.s on u'b\od SRic toposses-^ a simdlcaiitly 
flatter surface. This redaction m surface xoiigtaess is critical in fee production of strained 
Si CMOS devices since it inore^es the yield for fine-Ike lifeography. 

1 5 Figure 3 is a table that displays surface lotigjmess data for various relaxed SiGe 

buffers on Si substeates. It will be appreciated that the as-grown Crosshatch pattern for 
relaxed Si{i,8Geoi buffers create a typical roughness of approxitaately 7,9am. This average 
roughness increases as the Ge contsat in the relaxed baiter is increased, Ihas, for any 
relaxed SiGe layer fliat is relaxed throa^ dislocation intEoductioB darmg growQi, the 

2 0 surface roughness is unacceptable for state-of-flie-art photolithography. After Ihe relaxed 
SiGe is planarized, the average roughness is less than lian (typically 0,57nm), and after a 
1 .Spm silicon device layer qjitaxial grown layer is eouopleted, tiie average roughness is 
0.77iim. Therefore, after the complete structure is fabricated, there is over aa order of 
magnitude reduction in Ihe surface roa^ess. The nssultisg high quality raatenai is well 

2 S suited for state of the art CMOS photolithographic processing. 

It is sfeown that because of the plasarfeed SiGe layer, we can use higher Ge 
percentages so that the strained silicon provides significant CMOS enhancemeat since bofii 
high electron and high hole mobility can be achieved using sur&fce" channel devices for boti 
NMOS and PMOS reigjectively wilhout fte need for a,buridd channel. Tliis design allows 

3 0 for high peifbmiance without &e complications of adding a buried channel device to obtain 

dual chsmiei <^ei-ation and without adding complexity to circuit febrication (surface and 
buried chaimei devices on the same substrate). 

CMOS Inverter 
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40 ! <.!} V,n, to the mverter is low. a tum^stor 4i->2 nini^ ofi, clwigtf? up a had 

capaciu^ncc 4(}4, and the oiitput -^^G j;ov? i.> a gate dn\'e 40(>> Voj.. Aliti natively, when 401 
V-i high, an NNU)S transistor "-'i.^ u."n- ^n a.id discharges the load capdcitanct? 404, atid 
5 the ouipuT node jxoes to groutid k-\'e' 41 0 in this aianncr, the in\'t;rtvr able to pmVirni the 
logic swing necessary for digital proceasitig, 

Ihc pa-*pagation delay ai the CMOS mverter ia Jctet mined hy the ttme it takes to 
charge and discharge the load capacitance 404 oi Q thiough i^MOS 402 and \Mf>S 40"^ 
transistors, respectively. The load «apacitaiice, deooted as 404 or Cu represeats a lumped 
1 0 model of all of the capacitances between 420 aiid ground 410. 

Lutapsd Capadtance 

The foHowiag equation deiines the tumped Capacitance: 

Ci.«(Cds,3 + QfeiO-^(Cg(.2 + Cgft2) + c:v (2) 
1 5 where C<jpi and Cdai are fee eqaivaleat drain diffusions capacitances of PMOS 402 andNMOS 
408 traasistors, respectively, of tibe first inverter, while Cg,2 and C^a. are fbe gate oapacitances 
of file aa attached second gate inverter (not shown), represents the whing capacitance. This 
is explained by reference #1 to Ch^ter 3 of Digital Integmted Circuits by Jan Rabaey, 
Prentice Hall Eleetronit^ arid VLSI series, copyright 1996, 

20 

Figure 4B shows fiie propagatton delay of the CMOS inverter of Figure 4B. Hie gate 
defines how quickly it nisponds to a change at its input and relates direcJtly to the speed and 
performance metrics. The propagation delay exjaesses the delay experieaced by a sigtial 

2 5 passing throu^ fee gate. It is measured between fee 50% tramition pointe of fee input and 

output waveforms, as shown in Figure 4A for the icvertisig gate. Because the gate di^lays 
dififetent, resporsse times tot rising or faHing input waveforms, ts?o deftnitioas of fee 
jmspagation delay are necessary. The l^x^it defines fee response time of fee gate for a low to 
high (or positive) output teansition, while refers to a high to low (or negative) transition, 

3 0 The oveiaii propagation delay is defiiied as &e average of fee two; , 
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(3) 



Since she load capjiclfancc jnt-st b-j lul'^ ciiar^cd oi discharged before the logic 
swing is complete, ilie niag-jjikidc- of Ci. has a large iinpact, on inverter performance. The 
perfoiTnajtiec is usually quantified by two variables: rt\e propagation delay, tp, and the power 
consumed, P. Th« propagation delay is defiued as how quickly a gate rsspouds to a change 
in iis h^nt and can also be given by; 

£^ (4) 



where is the average current daring the voltage transition. There is a propaga^on 
delay temi associated with the NMOS discharging current, tpHtj a«d a term associated with 
&e FMOS charging current, tpui- '^^le as'crage of these two values (as before) represents the 
overall inverter delay: 



(4) 



Assumiijg ifeat static mi shortKiiicuit power are negligible, tie power coasamed can 
20 be written as 



(5) 



Ffom eqimti<ass above, oae can see tfest both the prc^agatioa delay and tie power 
coBsmnptioR have a linear depeadenco on Uis load capacitance. In an inverter, Ct consists 
25 of two major components: wiring cs^jacitance and device capacitance. Which conjponent 
dommates Cl depends m the architecture of flie circait in question. 
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The electron velocity' is related to tfae electric field through a parameter called the 
mobility of the M materia! (,Un)ot ^he mobility of tbe P material (ft^) (exptess&d m cm^fV- 
5 see)- The mobili^ is a eomptex fenction of the crystal stracture. The hi^er &e mobility, 
the ^eater fiie electron velocity. 

Gain factor - kn or k„ 

VtOKhiig to u'ltteni^t tht gam f.-iv.ttt i-- a pioduuoi process ttaiisoondiM^jcc and the 
10 Jiaiinstoijs V idtb lcns:tb 1 ) of 1 1^. Vm^)-^ oi The pioiw&nwn dcl<3> of a ga «■ can >->e 
mmimi/i,db^ niLrt-asing t.. or \ oi >. ] j lacrtabf the \V1 utiu oi tfie tianwbtorb 

Ihib might be«ni a six^igl ifon-v iui ixia d>,■^l?<s"ble oh:tion Hox^tver 5 word ot cawion js. 
necebi-arj Inv.retii.rag ths W,l ratio (tiajjbistor <>izO aKo snorvt iCt. the dilhision capacitance 
(and Ct) as well as the gate eapacitsnce. An ec|aation for gain factor is shovna bdow: 



15 



(6) 



2 0 whesfe Cox »s ttie capacitance of the fhin oxide gattj capacitance. 



periyalion of relationship between md W^;. 



ia order to understand liie inverter perfonnaace of propagation delay (^) and power (P), if is 
necessary ft> derive and P ia terms of fits, Hps W, L, arid Ci> so that can see the effects of 
these design parameters. From reference #1, it is known that: 



25 




where Vpo is the gate drive voltage. 

30 
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Siilsstitotiag gasB, factor as shown in equation 6 



(9) 



and tbrtliec. 



t =..JL„J_A^+-..i-__l (10) 



therefore from equation 7, the following relatJonships can be defked; ■ 



DedvatioB of relatioaship between P and W/L 



Asiaitaing that static aad short-circait power aie negligible, tbe power equation (5) and { 11) 
2 0 above we know is inversely prDpartional to W. Hierefare it is derived that; 

Po,w iny 



which means m widiJi decteases, so does the pows: of flie circuit 



Firs t i^;m b,od,imm^ « Sarlace Cfaaonel f MPS aad ^MOS Straifl gdj^j^^^^^^^ 
Devices Forming a» l»verter Circuit 
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Figures 5A is a basic schematic diagram of &e MOSFET device stnictiites of a 
stmined silicon MOSFET 500 on a bulk silicon substrate. The stmctare in Figure 5A 
contains siliain substrate 504, wife a layer of a SiGe graded buffer 502 grown on it, which 
in tarn lias a relaxed SiGe layer 506 powu on it, wliich in turn has a strained silicon layear 
5 508 gto%vn on it Tiiese layers are grown liuougli standard semiconductor epitaxial 
processing. As would be standard to semiconductor proeesarag, the MOSFET and the 
isolation, regions are also defined. These are showa in Figure 5A as shallow trench 
isolations regions 516, gate oxide region 510, polysiiicon gate region 512, and lightly doped 
drain regicai 514 and lightly doped sonrce region 513. These are the basic regions of a 

1 0 MO.SFET dewce. It shonld be noted that Jhis device can be del med as either an N-type 
channel or P-typ« channel through appropriate and well-understood setnicondnctor ion 
implantation of dopants as well as their subsequent anneals. Also showi in Figure SA are 
the fliickiess^ of graded SiG« layers 502 (i^picaHy 1-5 microns), relaxed SiOe layer 506 
(iypicaliy 0.1-2 microns), drained siHcon layer 508 (typically i^s than 300 angstroms or 

1 5 apptoxiisately aqaal to or less than the critical Sickness), and gale oxide 5 1 0 (t>'pically 1 00 
angstroms). Also shown in Figuie 5A are source conneciioii 521, gate connection 522 and 
dram connection 523. It should be noted that planatization of the SiGe layers may he 
required to reduce ajrface r<m^aess. 

M aie MOSFET stnicture in Figure 5Aj fee strained Si layer 508 serves as the earner 

2 0 channel, thus ambling improved device performance over their bolk Si count^arfe. 
Once tJio NMOS and PMOS are defined in the semioondnctor process (using 
staadatd techniques known in the art), the wiring connections of the NMOS smd PMOS 
devices are ccHinecfed as shown in tiie inveiefea- citcuit of Figinie 4A, Thus a strained silicon 
sur&ce channel iaverter is fotmsd, allowing the benefits of hl^ percent Ge and hence bofii 

2 5 high election and higji hole mobility. 

Second Embodiment : Bask Styfaee Cliaiatel PMOS and NMOS Strained Silicon 
Beviceji Fora«3a^ aa Iaverter Cirgait Usaig Bonded SOI 

3 0 Figure 5B is a basic schematic diagram of MOSFET device sttitctares of a 

strained silicon MOSFET 550 on a bulk silicon substrate on Silicon On Insalator (SOI). 
The structure in Figure 5B confaias siKcon substrate 554, with a layer of a SOI 552 bonded 
to it. This bonded SOI was previously formed wifh a relaxed SiGe layer 556 ^wa on it, 
which in> turn has a strained silicon layer 558 ^wn on- it. These layers on the SOI are 



IS 



growii fliioiigh statidtird isLnncuiiduior t.p u\rJ proc^ssiA^i Fh" NfO^I LI am. the isD'anoti 
regions are also defined accojdiag to stanJ . C ^t.: liconductoi ptocc-jsiag 'llicse ba'stc 
icgjons of a MOSFRT dcMcc are sboAvn jl b l^jc 53 a-^ '-i jtLo\^ trcnvh solutions ioj^tons 
5(Sf> gale ovale jcgioi "(li), |x<'^ en 2? ^ ! iuciJ -fs^ rr harb fH>",;l cimn le^^jor '^(^4 
5 and hghtlj doped soiuee regior 563 It should be nottd ihai th}<! dc\ !CC can h\, dt ftucd j , 
either Ml \-i>pe chantjel oi P4\'}}e channU teough appiopiiate and well-u3idt„i'-to()d 
semKO«dai,tor ion implantation ordopairfs as well as then siibK^quait annecil*. AU'> ihn\\n 
111 tigurc 5B are fOiitce oomicctioii 571, gate connectjott "^"2 and dram coimeciion 573 hi 
&c MOSFI-.l ^t^uotuIe mi I iguie 5B, fee stiamcd bi k\er 55h senes db the cufnor t,hai-mo], 

10 iivus enabling improved device performance over their bulk Si counterparts. 

Stramid sthcon tC(,hnolog>' can also be inoorporated vvnh SOi technologj kn added 
pcrfoi maacc benefits Jt ipirrci. 1 2 'V12L show a fabrication process sequence for strained 
silicon on SOI ^ubstsates i trat, a HiCn, ^aded buffer Ia\cr ^ 202 3<. (prAti on a silicon 
substrate 1200 with a mtifona relaxed SiGe cap layer 1204 of the desired concentration 

1 5 (Figure 1 2A). This wafer is bcaided to a silicon wafer 1 206 oxidissed wi& a SlOs layer 
1208 (Figures 12B-12C). The initial substtate and graded layer are them removed teoagh 
either wafer fhinnmg or delamination methods. The resailting stractare is a &Iiy relaxed 
SiGe layer oa oxide (Figore i2D). A strdsed silicon ky«Sr 1210 can aibseqaently be grown 
oa the engineered substrate to provide a ptetfonn for stKtinsd silicbi^ SOI devices (Figure 

2 0 12E). The restilting circuits v/otild experience &e perfiarmance enhancenj«nt of strained 
dlicon as well as about an 18% performance nnpiEOvement ftom the SOI architectore. La 
short channel devices, this improvement is equivalent to 3-4 scaling generations at a . 
constant gate length. 

Once file NMOS and PMOS are defined in fee semiconductor process {using 

25 standani techniques known in the art), tiie wirmg connectiom of the NMOS and PMOS 

devices are connected as shown in the inverter circnit of Figure 4A^ llius a strained silicon 
surface channel inverter is fotnied, allowing the benefits of highjwrcent Ge and hence bofii 
high electron and high hole mobility, 

30 Tbird Embodiment; Basic Snrface CfaaBae! PMOS ajid NMOS Strained SUicoa 
Peyie^sForBjans an Inverter Circalt ysteR Bonded SlGe 

Figtiies 5C is a, basic schenjatic diagram of the MOSFET device structoes of a 
strained silicon MOSFET 570 on a bulk silicon substrate on bonded SiGe. The sti\ictor8 in 
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FigiJTi "^C contains a ^ll ion sub'-t Jt<, ■^'"4 \iJi vt;u ■^iU^ h ti "^"o s x^xkd tu subsUatc 
*:''4 On 'Op ot thjb jcia.,,^ 1 Siu. ■^"f> a^t,'■ i-a -'T^stitdsi vonLpu^'h whjc! mtoiiha&a 
i"tc of StOZ fiiQ on {Of ot li O . av '^iUZ 5bO ispol>siluon gali^reojun ^■'2 iln, 
I<1 and the i^ioUtion ro^i tii ^re v Ko defined according to b>t aiOoxd ^iLmiucniducioi 
5 pjoci-s' m^; llicsc basse rt. oiur^ oi a MOSFET device are hkosm xn i iiiur«^ iC c s, shallops 
irt tK h isohtior*? iei,'3or)s 'iSfj, gate oxide region 5S0, polyMh>.un ^.ti <- leyion ^82 nid li;;}ub 
(.iojicd t. lam jcgion 5H4 and hgM> doped source rvgion 583 li bknild be noted Xiut iJns 
de\ Kc cjii be dt-fmed as either an N-fype chamel oi P-tvpc chantjel Uirough <ippr<ipnate 
atvd svell-undcrstood sevniconductor ion toiplantation of dopants as well as fceir subsequent 
1 0 aimeais. Also shown in Figure 5C are source coaaeotifaj 59 J , gate connection 592 and drain 
cotjneotion 593, 

A similar fabrication metJiod cai! be used to provide relaxed SiGe layers directly <hi 
Si, i.e., xvithout the presence of !lie graded buffer or m inteiiaediate oxide. This 
het^stEuctare is iabricated using fee sequeace shown in Figures 12A-12D wiifaotit tSie 
1 5 oxide layer on the Si sui^ (late. The graded composition layer possesses many dMocatioiis 
and is (pjite fhicfc relative to other epitaxial layers and to typical step-heists in CMOS. 1b 
addition, SiGe does not transfer heat as rapidly as Si Therefore, a relaxed SiGe layer 
directiy on Si is well sutted for Mgh power applicatioiis since the heat can be conducted 
away k(m the SiGe layer mote efliciently. 

2 0 Once fee NMOS and PMOS are defined in the semiconductor process using 

standard techniques known in the art, the wiring connects fee KMOS and PMOS device 
togefeer as an inverter as shown in Figure 4A, 11ms a strained silicon suriace channel 
invatter is fiwraed, 

25 rourth Embodiment: PMOS and NMOS Snuf ace Chattnei Straiaed SilicQa Devices 
Forming an [M^ ^ Circuit with Optimizedi SiGe Katios of the Reiaxed SiGe Layer 
for JEnfaancfd Speed with Lowe r Vt ^p. Coastaat yower and Device Capacftaace Much 
Gr e ater than Wiring Capacltaiice. 

3 0 Whefeer fee basic inverter devices are built on bulk silicon as in Figure 5A or on 

bonded SOI as in Figure 5B, or on bonded SiGe as in Figure 5C, fee Ge percentage used in 
tlie relaxed SiGe can be modified to create the strained silicon layer, circuit speed, ot circuit 
power eifects, When strained silicon is used as the carrier channel, fee electeon and hole 
mobihties are mtJltjpHed by eahaacement factors. As discussed before in Figures 2A and 
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2B, the uihanccmeni differs ibr ti>.c:jor:s aiid hole.- .md oli.o \an.^i v, uh tli*. Ge fraction iii 

shown 511 Figuic 6. Fi^iusc d ib a uibk sLuw i;kcuon aud h',>fc iaobiiji> vjiiiatKOiiicuiS 
mcasuied tor "3t!amL,d sih^on or if' \: ativi t SiGe, As will be shov^n b> boih derivations 
5 fjotu fiust principles, cind in cal:ulat'on? in a MaiLab™ analysis tool, we can t,nliancc ihc 
ispccd of a pariic invcitcr by using rebxcd SiCie and more iiH|)onantl> , vsiih ddduion of the 
right arioimt of Ge m the relaxed SiGe layer, the strained silicon layer on top of tliis layer 
will pix)iSiice optimi2;ed inverter speeds over balk siHcoa surface chaiaiel devices couaaonJy 
used in iavsmrs today. 

10 If we coasider die laobiKty of the NMOS and PMOS fox bulk silicon de\'ices (fin or 

{.ip) to be a reference of unity (1), fhen the use of siiained silicon, on relaxed SiGe as 
described in Hgare 6 (using the enhancement fector for each device) demonstrates nJobility 

pi-r, » i -75, IXp I for 20% Ge in rel;5xed SiGe; or mobility =1.8, ^= 1 .4 for 30% Ge in 
relaxed SiGe. Bo& flnatsd {^p botii increased tor 30% Oe and only }.t« is efxhsnced for 
15 20% Ge.- . ■ " 

From equation 10, which is derived fix>m first principles of an inverter for 
MOSFETs: 

f „„„ fi: f k , 1 ■■ 

- if we hoid constant the device si2:e(W», W^, La, L^) for bidk siiicoo to be flie same as 
for our strained silicon, it can be seen that when ei&er {4,, or go up, the tj, gx:ies down and 
hence the inverter gets fastea-. 

2 5 These enhancements are shuwi ussrg rta' i' i .r< >m a .MatLab^'^ aiialj ^.i;^ tool \^hen' 

tliese paiamcters are }-i'0<,ra!jijrt,v1 'o ^akv.rto mo e cxa^mig le^siihs Wc have dioi>en a 
uommai design pmnt J b.'-K ^ ^ - - ol .i^i ins erif r to de-'tionstiatt; tiic 

enhancemeirfof si>eed \\eri\^HKon^ij ..\! i umCiu,.: li ^ 1 2uni CMOS model iu 
onier to quantify the ctie.n- iK" v!ic p^rtortnaiice. Hie analysis mimmi7ed the wmng 

30 oapaciUnce 5.0 that C s\ v a-, t-^mk 1 1 than the lumped device capacitance of equation (2), 
so only device ejects were investigated. 
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The values for a bulk silicon, 1 .2^tm syinmetrical ihverter are calculated and are 
shown in fxgnm 7. M this set of calculations, the device capacitaace is msicli greater ikm 
the wiring capacitance, Figaie 7 is a table showing inverter characteicistics for I Ipm CMOS 
fabricated in bo^ bulk and strained siJicoa. The propagation delay for &e bulk sUicon 
5 inverter JS tp - 203,5 picoseconds and liie cojisumed power k 3.93mW, In an appKcatioii 
whece speed is paramoaat, such as in de^op computing strained silicon provides a good 
way to eE^ce flie ckcait speed, Ajssumin^ ao change ftom the balk silicoa design, a 
strained siliccai inverter on Sio.s<3eo results ia a i 5. 1 % ^Jeed iacsrease ovear fiie hnlk silicoa 
base case at constant power. When fhe channel is on Sio,7Geo.3, the (Speed enhancement 

1 0 in^vcs to 29.3% over the boik silicon base c^e (Figure 7). 

If tha« is no change from the bulk silicon design, a PMOS and NMOS surface 
channel strained silicon mvertser circuit will achieve higher speeds over tiie bnlk silicon. If 
strained silicon were simply swapped in the process for the substrate, ontside of t^ng into 
account the changes needed in processing to ensure fhe implants and other processes created 

15 the same inverterj, attached circuits may have to be modijSed to elimhiste race conditifflEis 
&at xnay occur. Ihat is, if inverters were sped np, fhe chcuife that attach to these inverters 
may have to be modified in terms of changes there lengths or widths to account for the 
enhanced speeds. Note that Vjjd vrsts reduced to maintain a constant power. 
Fifth Embodlroent t PMOS and NMOS Sarface Chaanet Strained Sittcon Devices 

20 g ori ff to ^ aa py e r ter Circait with ontimiased SiGe ntties of the Retaxed SiGe layer for 
enhaiicfed Speed by maintaining for Wiring Canacitance Mach Greater Than 
l)e>^ce (!:!apacitance 

In advanced ground rule designs, wiring limitations force designers to pack wires in 
much gceater density and even at times create "borderless contacts" (where flic diffusion 

2 5 contact overlaps hat is insulated from the gate) beUveen fhe source diffosion region or drain 

diSasion region and fee gats. When this and other wiring caihancements are made, wiring 
capacitance becomes doffihmnt o^^ device cs^acitance. • 

As described in the fourth embodiment above, a further enhancement is found by 
maintaining Vrji) for wiring oapaciiance-dosnmated designs'. As showa m Figure 8 (where 

3 0 the wiring capacitance is mncb greater thmi device capaciatice> and when Vm is lieid 

constant (5 volte) at fee same amount over the bulk silicon base case, the enhancement of 
speed increases to 22,3% over the bulk silicon base case asd 36,7%, for Si on S3o.gGeo.2 and 
Sifj,?Geo.3, respectively. Note that in both ihese cases more power is required to achieve this 
speed (-28.0% and -5S.2% power reduction over the bulk silicon base case, respectiveiy). 
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Sixth Eiabodimeat ; PMOS and miOS Sarface Cfaaaaei Strateed SaicoaBeviees 
Forming an .favcrter Cirenit with opfiatized SiGe vs^iim of the Retoed SiGe Layer for 
EaUanced Fower j^y R^dn^to^ V^,^ ft>r Peytce Ca|>acltaiicc l>pi»to,aM Clrcgfte. 

5 

As will be shown by both derivations from first principle and by calculations in a 
Mat! ab'^'^ anah'sis tool, we can enhance the power of abasic taverter circuit by using a 
sirainod sihcon saifact- chamicl for bulb PMOS and KMOS and fflore importantly, with tiie 
atldi tion of the nph t amount of Oe in &e relaxed SiGe layer, the stratoed sllicoa iayei' on top 

1 Q oi tliH iayt-t \sili produce optiinued inverter power over btilk silicon surface chamie! 
devices used m inverters today. 

If we coiKider the tnobiUty of tide NMOS and PMOS for bulk sUicoa devices or 
fip) to be a reference of unity or 1, &ea the use of strained silicon on rekxsd SiGe as 
described in Figure 6 (using the enhancement factor for each dewe) demonstrates mobility' 

15 ~ 1 .75, ~ 1 tor bulk silicon for 20Yo Ge in relaxed SiGe; oj- mobility {-l^ - i .8, 

1 .4 for that of bulk silicon for 30% Ge in relaxed SiGe. Both }4« ^sA are boUi increased for 
30% Ge mid only fin is enhanced for 20% Ge. . , . ■ . 

From equation 10, which is derived from first principles of ai\ inverter for 
20 MOSFETs: 



25 if we hold constant the device si«e( Wtt, Wp, Lm I^) for balk silicon to be She same as 

for our sprained silicon, it can be seen that when either «r fipgo up/the % goes down and 
hence the in the inverter gets faster. 

iVIso, ftom equation (5) before, we can see feat: 
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.Btfrni, (5) 



Power can be eitonced ley the square of Fuo (which is fe, draiti voltage of the inverter) as 
well as a de<aease ta f^. So by adding sttaiaed silicon Ihe power goes up since tp goes down 
and when can decrease Vm to fartJier reduce power. Because we have v^ed strained ailicoB 
as a substrate we can actually reduce Vm to reduce power while ssaintainixtg the speed. 

As showti in Figure 7, by reducing ihe pte drive, tire power is i-educed at a 
constant speed. For 20% SiGe, the power consumption is 27% lower ^an its bulk silicon 
coimteipart. When 30% SiGe is nsed, fiie power is reduced by 43.7% ftom the bulk .silicotj 
value. Hiis power redaction is inrportant for portable computing ^plications such as 



^YCffti^ .Mffdimei^tr ¥^iO^ and NMQS Sarface Cfeaiiadl Sti^aM Smeoa Devices 
FormiBg an laverter Circait With OnmauM SIGe Ratios Of The Rdaxtsd SiGe Law 
F or EnhaiBced Density. 

As will be shown by derivations from first principles, we can reduce the density or 
size of an inverter ch-cuit and maintain power and speed by using relaxed SiGe and more 
iciportanflyj with addition of the right amount of Ge in the relaxed SiGe layer, the strained 
silicon layer on top of this layer will produce optimized inverter density over the bulk 
silicon siH-fece channel devices used in inverters today. 

if we consider the mobility of die NMOS and PMOS for bulk silicon devices (ji^ or 
flp) to be a reference of naity or I, &ea die use of strained silicon oii relaxed SiOe or 
mobiliiy ratio as sho'W'n in Figure 6 (using the enhancement factor for each device) 
demoissteates mobility 1 .75 and « 1 for 20% Ge in relaxed SiGs; or mobiKt? }in 
1 .S and fJ^ = 1 .4 for 30% Ge in relaxed SiGe. Both jXb ate bo#i increased for 30% Ge 
and only ^ is enhanced for 20% Ge, 



From equation 10, which is derived from first principles of an inverter for 
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(10) 



5 Since bo& j^a and Pj> (or at least J^) goes up, we see that % goes down for a fastssr mverier. 
We can raise the tp back up to where it ma)' be for bulk silicon, by reducing W„ and Wj,, in 
otJier words, wc can redtice and Wp by ^le factor that fiu aad flj, inci-essed so th&t the 
fl« aad jil^ Wp factor remains constant Thus, for the same speed tp, PMOS and NAIOS 
strained silicon surfece channel devices in an inverter circuit allows us to reduce the siz« of 
10 fee inveitta", everything else being held constant 

mm EmUmmeMt PMOS and N MQS Saiia c e C fa aa a^ Struiae ^ S im eon, Be v^ces in 
a SmmieMc i averter Circnit with Optimized SiGeRaflos of the Relaxed SlGe Where 
WiriBg Capacitance BoBitnaof OrcnitS ; 

15 

Oj G di TO Icti it of stra nui sjIkou, iuW>. ch< u d CM()S j-^ ^hat the electron and 
hoL niobihtj s ar« m balai ced fuither bv the uneven elu'troi aiid hole ejil ai cements l"hi5> 
imbalance mmoliilit'- tnnt-btcsti a*-* imbalance f tlicnoi eintrgm^oftheimerter The 
nOi t, f'l ! it ( in 1 1 \i{'>tiuiu n/nnr/zt 'j;ci > iff 

20 c^cahii i »H > 1 i i •>}^ntnh f) t not ^ n iign; Wh 

/ (, m ; * / ^^Jundy^^l Of ui>ti i t> l h^a^ 0 ml i O) 

Jgiii cnLtU'> (1 iithet e\pU7 i t < > ? a \ a ii ounJ ti i^/tiniuc 1 1 

ihapte' i 0 I'y gnaUnU(4)ahd ( 'l.^; •> b\ tap R J Fn (n.c licit I kctrohK\ uul J ISI 
\sinei> copynght 1996 J Ihcnotse margins represent t!^c all \\ able ^ anabiht^ m the high 

2 5 and low ii^uts to the inverter, 

111 biiik advanced groxsrd mles whero wiring capacitance is dominant, both the low 
and high noise margins are iiiibalaaced for stmii-ssd silicon at eiAer 20% or 30% SiGe. For 
example, non-synanetric circuit ^Mi) in Fi^re 8 shows" that the iiigh noise margin, NMh 

3 0 tor 20% is 2,37 volts whea tiie low noise margin is "L75 vblts. Also shown is non- 

s^^TOjnetiio circnit in Figure 8 for 30% Ge. In this case,- the high noise margin is 2.2 volts 
and tiie low noise jnargin is 1.92 volts. 
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However, if a s>aii.memcal inverter is required, the PMOS device width must be 
increased to p-Jix-p times the NMOS device width, 'Iliis ttatisktes to a 75% increase in 
PMOS width (1.75 x 5 .4 - 9.45) for SiagGeo* and a 29%. increase (1.29 x 5.4 « 6.94) over 
S the biillc silicon base case for SiojGCflj . If tJie increased area is acceptsbie ibr the intended 
application, inverter perft>rn);aice can be ftirdser enhanced. As siioWH in Figure 8, in the 
constant power scenario, the speed can now be increased by 23,0% for Sio.sGeo.2 and by 
33.8% for Sio.7Cie{),3 for a symmetric inverter over die bulk siHcon base case, Wben the 
power ivS reduced &r a constant frequency, a 37.6% and 47.0% reduction in consumed 
1 0 powei- is possible with 20% and 30% SiGe, respectively (Figure 8), However, in many 
s^plications an increase in device area is not tolerable. In these situations, if inverter 
symmsky is required, it is best to use strained silicon of 30% Si<3e. Sinoe the electro*! and 
hole enhancement is compaiable on Sio.7Geg.3, it is easier to trade off sm fi)r symixmtxy to 
meet the tteeds of tJie j^Ucation, 

15 

Nmtl^ Embodimeflt ; PMQS and NMO^ Sarface Chaaael Strained SOicoa Devices ta a 
OpHmi^ed Design Ittverterwith Optimized SiGe Ratios of the Rdaxed SiGe aad 
Pominated by Pevke Capaeitaace. 

2 D The device capacitance is dominant over the wiring capacitance in many analog 

applicatioas. The device capacitSBice includes ^e difMtai and gate capacitance of the 
inverter itself as well as all inveateis connected to the gate output, btown as the fan-oat 
Since fts capacitance of a device depends on its area, PMOS upsizing results in an increase 
in Ct, If inverter symtnetry is not a prime concern, reducing Uie PMOS device size can 

25 increase the inverter speed. Hits PMOS dowi^i^ng has anegative effect on tpui but has a 
positive effect on tpm,. "Hie opttmnm speed is achieved when the ratio between PMOS and 
KMOS widths is set to ^j^jjt~t where p„ and represent the election and hole mobility, 
respectively, 

30 i Juurt 0 is a table showing uwerler char£l:^^n:^'^^^ f >: i lam CM()S tabricatcd in 

both bfilL arid Mrained silicotJ \ihcn the device ci-)< .^<<'a<. i vmant The strained 
mHcoh nn eriei s are optimi,sed to juovide high speca at conbtatn powei and los\ power at 
Gonsiaut spv;ed, Foj siiamcd sihcon on SiogGeoi, the electron mobility ts higiici tfian the 
hole mobdity. When tiie PMOS widdi is ns-optinuKed by adjusting Wj, and Vm to 
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accommodate fliese inofoilifies, ie,j by assng fiie / ft^ optimmtion (see Refeixjiice #1), 
fte strained silicon PMOS device oa Sio,8Geo.2 is over 30% vndm ((4J2 - 3.1 lyS.U) than 
tt« balk Si PMOS device. The resulting iacrease in capadtance offsets some of &e 
advantages of Itoe enliaticed mobility. Therefore, only a 4% speed increase occurs at 
5 comtaat power, and only aa 8% decrease in power occurs at constant speed over the balk 
silicon base case. 

AKhou^ these improvemsnte are significant, they represent a fraction of the 
perfonamace jmprovement seen wiih & generation of scaling and do not surpass fte 
1 0 performance capabilities avaiiajjle with SOI architectures. 

In contrast, strained silicon on Sio,76eo,3 offers a signiiicaatpertbiniance 

ejihancement at constant gate leugfe for circuits designed to t\iG ^(JijJI^, optimfeation. 
Srnce the electron iutd hole mobilities axe more bjslanced, the effect on the load capacilance 
15 is less substantifd. As a result, large perforoaaitce gains cm be achieved. At constant 

power, the inverter speed can be increased by over 23% and at constant speed, the power 
can be reduced by over 37% over the bulk silicon base case, llie latter en1i£iiicement has 
large implicadons for portable analog applications such as wireless comnmaicatioas. 

20 As in tlie microprocessor case {wiring or intestconnect capacit;mce doniitiated), the 

stfained silicon devices suffer from small low noise margins. Once again, this eifect can be 
mkimizedby using 30% SiGe. If largenaaigfes are required, the PMOS device width can 
be increased to provide the required sj-mmefey. However, &is PMOS upsr^ing increases Q, 
and thus causes an associated reduction in performance. Inverter destgji must be twned to 

25 meet the specific needs of the intended application. 

Tenth Embodiiaieat ; Stratated SHicon Pevice$ to aa faverter wife optimiased SIGe 
ratios of tlie Relaxed SiGe for skort and long chanaei devices. 

30 hft short channel ds^fices, file lateral elecMc field driving the current firom the source 

to the drain becomes very high. As a result, the electron veloci^ ^roacbes a limiting 
value called the saturation velocity, Vgat. Since strained silicon provides only a small 
enhancement in r^^t over baik saicon, reseatehers believed tbat strained silicon would not 
provide a performance enfaaacement in short channel devices: Howev<a:, recent data shows 
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that uansconduotance values In shor: channel devices tTtceed the maxmnim value jjredicted 
by velocity saturatio« theories. Viyinv 10 craph t.iKVs\ i.ig WJOSFET transconductance 
versus chsmnel lengOi for wiouii cairier mobilities. The da> jod line ijiUicaies tis 
maxiiTium trans»cond«otance predicted by velocity saturatioa O^'one.s The gtapli shows xh,it 
5 iHgh low-fieid mobilities iraaslate to Mgli high-field mobilities. The physical cjf chaiiism 
for IhiiS phcnoj-nenon is still not completely undej-i.lood- however, it deanonsirates that short 
chaaaei mobility enhancemeM cas occur in strained silicon. 

The power consumed in an inverter dq>ends on both Vm ami t^. Therefore, as tp is 
1 0 decreased due ta mobiliiy enliaricejiieiiT, Vdd must also he decreased in order to maintain 
tii© same power consumption. In a long channel device, the a'S'erage cun:eKt, lav, is 
proporlionai to Vdd", Insertbg this dependence into e<}«atic(a 3 reveals an inverse 
dependence of the propagation delay on Vdd- Thns, ^ flie average current in strained 
silicon is increased due to mobility enhancement, the effect on Ute propagation delay is 
1 5 somewhat offset by the reduction in Vjjd. 

A comparison of the high-speed scenario device dominated capacitance inverter 
circuit shoxiTO in Figure 7 to the constant Vod sc(aKtrio wiring capacitance dominated 
inverted' cifcuit shown in Figure 8 reveaJs (he effect the reduced Yw Bas m speed 

2 0 enliancement In a short channel device, &e average cniient is pioportionai to Vdo not 
VI)D^ causmg &e propagadon delay to have no dependence on Vd» (assuming Vdd»Vt). 
As a result, mobility enhancements in a short channel, strained silicon inverter are directly 
transferred to a leduction in V A 1 .Ipm strained silicon inverter on 30% SiGe experiences 
a 29,3% increase m device speed for the same power (FigniB '7). . 

25 • 

Figure U is a graph showing the propagation delay of a ghort'chsnnel 0.25pm 
CMOS inverter for a range of electron and hole mobility enhancements. AlUiougfa the exact 
enhancemente in a short channel device vary with the fabrication processes, Figure 1 1 
demonshrates that even small enhancements can result in a sipLtEcant e^ect on tp. 

30 • •' 

rUnciUh Emt>o (iii»cnt : S traiued SMicon DmcesiB.{U» b t herPii'italGates.m 
optinnzed SiG'e ratios of the Relaxed SiGe. 



Although the preceding embodimeate describe the performance of a CMOS inveifer. 
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•,irjmt.Q silicon tahancet ^ r ? <, . i l ■= e\ ^ ' d;,d lo otiis.' ^ til ^ >iu>> lUvh ai N'')'^. N 'VM> 

XOR g itK. 1 304 oiG shown in I igvires liA-C, resp<,^,tj\U^ iht ttpmiii/atton pioc«durCi» arc 
simil u to Hut ust;d for the inverter m that the power toii&mnptioa ami oi propagation delay 
5 mu'^i be minnni/td v, tuL satisfying (!ie noibe njargin and au^l '^.quirementb of the 
If plit, ttion WhtT. andl> nng these more complex tt^tin's the operauon s^eed isi 
detemoied by the worst-case delay for ail of the possible mputs. 

I or example, m the pull do\\n network of the NOR gato 1300 hhowa m I igiwe 1 ^A, 
10 the woisi del \\ occ mi hen orlj otvc NMOS trajisistor is activated Since t*ie ri-sistamus 
are \MRd m p lu'lkl, tnrnmg on thi. -,econd tianststor oniv "^enes to i^jduce tht de'a\ oi the 
tietwoik OtK I the s% oi st-L^se dc ia> n defet mmed tor ix)th the high to lov and Ion o ir 
transitioas, tecJaitques stoilar to &os© applied to the ijEiverter can be used to determme the 
optimuni design. 

1 5 The eahancffltneat provided by strained silicoa is particularly beneficial for NAND- 

only architectuies. As shown in Figtuss 1 3B, in 8ie architechire of tfae NAM) gate 1 302. the 
NMOS devices are wired in series while &e PMOS devices are wired in paiaflel. This 
configuration results in a high output when either isqjut A or input B is low, and a low 
output vihm both input A and it^ut 6 are high, ihus ptoviding a NAKD logic fUtiction. 

2 0 Since Ihe NMOS devices are in series in the pull down network, the NMOS resi^ance is 

equal to two times the device resistance. As a result, the NMOS gate width must be 
doubled to make fee high to low Imisition equal to the low to high iiansition. 

Since electrons experience a larger enhancement ftian holes in strained Si, the 
JiMOS gate widfe up scaling required in NAND-only architectures is less sevcie. For 
25 i .2fiai straiasd silicon CMOS m a Sio,gG%i piatfono* fee NMOS gate width must only be 
increased by 14% to balance the pull down and pull up networks (assuming the 
enhancements ^wn in Figure 6). Coriespondiagly, for l.2}m CMOS on Si{).7Gec.3, the 
NMOS width must be increased by 55% since the n and p ©Dhancements are more balanced. 
'Hie Mgh electron mobility becomes even mote important ^hm there are mose than two 

3 0 inputs to tlie NAND gate, since additional series-wired NMOS devices are required. 

Ahfeotigh the present invention has been shows, and d«scribedwith respect to several 
preferred embodiments thereof, various changes, ojnisdons and additions to flie form and 
detail thereof, may be made th^ia, mfeout departing &o«j the spirit md scope of fee 
invention. 



26 



wo nmm 



PCT/USei/4<.322 



CLAIMS 
What is claimed is: 



1 1. A CMOS mverSer comprising; 

2 a heterostmctare including a Si substrate, a relaxed Sii,sGex layer on md Si 

3 sobstrate, and a strained surfece layer on said relaxed Sii.iGe;t layer; a»d 

4 a pMOSFET md an nMOSFET, wherein the channel of said pMOSFET and the 

5 channel of said nMOSFET are formed in said strained surface layer. 

1 2. The CMOS inverter of claim 1 , wheit^in fee heterostructuf e fijrther comprises a 

2 planarized surface positioned between ^e strained surface layer and the Si subisttate 

1 3 , The CMOS inverter of claim 1, wherein the surface Toughness of Ifae strained 

2 surface layer is less tlian Inm 

1 4. I'he CMOS inverter of claim 1 , wherein the heterostructare flatte comprises m 

2 oxide hy&c positioned between fee rekxed Si t^Gex layer and the St substrate 

1 5, The CMOS inverter of claim 1, wherein the heterostructure fur&er compmes a 

2 SiGe gmded buffer layer positi<med between the relaxed Sii-sGex layer and the Si substrate 

1 6. Ibe CMOS inverter of claim 1 , wherein the strained surfece layer comprises Si 

1 7; Ibe CMOS inverter of cia!ml,whe3:eiti0.1<x<0.5 

1 8. Ibe CMOS inverter of claim 7, wherefai. the ratio of gate widflj of dKspMOSFET 

2 to the gate width of the nMOSFET is approximately equal to the ratio of the elecn-on 

3 mobility and the hole mobilitj- in bulk silicon. 

1 9, The CMOS inverter of claim 7, wherein the ratio of gate width of &e pMOSFET 

2 to the gate width of ti>e nMOSFET is approximately equal to the ratio of tiie elscfeon 

3 mobility and the hole mobility in the strained surfece layer, , 

1 10, Ihe CMOS inverter of claim 7, wherein ttie ratio of gate widdi of the 

2 pMOSFET to die gate width of tlie nMOSFET is ap|st)xiniately equal to the square root of 

3 iie rado of the electron mobili^ and the hole mobili^ in bulk siKcon. 

1 11, Ibe CMOS inverter of elsim 7, wherein the ratio of gate width of die 

2 pMOSFET fo die gate width of tlie jiMOSFET is approximately equal to die square root of 
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: the rafjtf) ot the tkcu on mobiluy anil Uie holo mobiiity m the straiiied surface layer. 

1 12. 'llie CMOS inves-isr of claim 7, wherein tfee gate drive JS seduced to lower 

2 powcf oiDiaiimption 

1 P Id a lugh speed iittegrated cucuit, liie CMOS inverter of claim 7. 

1 U Ib a low povieiHitegr<i5cdc«c-iiit,t1ie CMOS inverter of claim 7 

1 Hitcgratcd en uul ;,onipnsiug 
1 a hctcrnstmctua xiicUiditig a Si MJbsti ate, a relaxed Sij.>;Gex layer on said Si 

J stili^tt and a •>tu iticd Idjet otj satd telaxed vSit-xOe^ layer; a«d 

4 a p tianaifetoi and an ii traus,]sioi toi mcd m said beterostraciuYe, wherein said 

5 straijied layer comprfees the channel of said a trdnsistQt ajid said p transistor, and said n 

6 teajssistor and said p transistor ate mtercomiected ia a CMOS ckcmt 

1 H), Ttie integrated circuit of claim 1 5, whereia the heferostmoture farther compdses 

2 a planarized surface poaiiioned between Che straiaed layer and the Si substiate. 

1 17. The inte^ted circait of claim 15, wherein the surface roughness of the strained 

2 layer is less than 1 nm. 

1 1 8. The iBtegrated circuit of claim 1 5, wheiein (he heterostriictum farther comprises 

2 an oxide layo- positioned between flie relaxed Sij-xQen layer and the Si substrate. 

1 19. The integrated csrcmt of claim 15, wherein the heterostmctee IhrSher comprises 

2 a SiGe gcaded buffer layer positioned between the relaxed Sii-sGcx layer and (he Si 

3 snbstrate 

1 20. The integrated cirarit of claim 15, wherein the strained lay^r comprises Si. 

1 21. The integrated circuit of claim 15, wherein 0.1<x<0.5 ■ 

1 22. The intepated eircnit of claim 15, wherein, the CMOS eircmt comprises a logic 

2 gate. ■ ■ 



1 



23. The integrated circuit of elann 15, wherein the CMOS circuit comprises a NOR 
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2 gate 

1 24. 'Hie integrated ckcmt of ciaim 15, whexei» the CMOS circuit comprises an 

2 XORgate. 

1 25 . The integrated circuit of dsim 1 5, wherein the CMOS cii-cmt comprises a 

2 HAND gate 

1 26, The integrated circmt of claim 15, wherein the p-channei tiansistor serves as a 

2 puU-up trsiisistor in said CMOS circuit and flio n-chairasl transistor serves as a puO-dowM 

3 transistor in said CMOS circuit. 

1 27, The iutegi-ated circuit ofclaim 15, wheieia this CMOS circuit com^ 

2 ittvorter 

1 28, A method of fabricating a CMOS inverter comprising; 

2 providing a heterostniclure including a Si substrate, a relaxed Sit.5i(j>ex layer on said 

3 Si subslrate, and a strained surface layer on said j-elaxed Sii-xGcx layer; atid 

4 integrating a pMOSFET and an nMOSFET in said heterosmrcture, wherdn the 

5 channel of said pMOSFBT and (he chamrei of said nMOSFET are formed in said attained 

6 surface layer, 

1 29. The method of claim 28, wherein the heterostorcture furflier comprises a 

2 plansrized suiface positioned betwreon the stramed surfece layer and the Si substrate 

1 30. The melfcod of claim 28i wherein the suxfece toughness of &e strained surface 

2 layer is less than Inm 

1 31. The method, of claim 28, wherein the heterosteuchire ftjrther comprises an oxide 

2 layer positioned, betweeat the relaxed Sij-xGex layer and. the Si substrate. 

1 32. The method of claim 28, wherem tiie hetesrostnieture further corsjaises a SiGe 

2 graded bu^^ layer positioned foetwe^ ^e relaxed Sii-^Ocjc layer and .the Si subatntte 

1 33. Ihe method of claim 28, wherein the strained surface layer comprises Si. 



1 34. The method ofclsim 28, wherein 0.i<5t<0.5 
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1 35, The metlwd of claim 34, whertsin &e ratio of gate 

2 gate widtii of die lAiOSFET is approximately eqaal to the ratio of tibe electros mobili^ aad 

3 tiis hole mobil% in bulk silicon, . , 

1 36. The method of claim 34, wheremfhe mtio of ^te wdtli of the pMOSFET to the 



2 gate width of &e nMOSFET is approximateiy equal to tiiie ratio of the electron moMli^ and 

3 the hole mobility in the stjained surface layer 

1 37. "me method of claim 34, whearein liie i^tio of gate width of the pMOSFET to the 

2 gate widfii of the tjMOSFET is approximately equal to fljie square root of I3ie ratio of the 

3 electron mobility and the hole mobility in bulk silicon 



1 3 8. The method of claiui 34, wherera the ratio of gate width of tise pMOSFET to the 

2 gate width of the nMOSFET is approximsately equal to the square root of &e ratio of the 

3 electron mobilitj'' and the hole mobility in fee strained surface layer. 

1 39, Hie method of claim 34, wherein fee gate drive is reduced to lowwpower 

2 consumption 

1 40. A method of febricating an inte^ated circuit comprising: 

2 providing a hetexjsfructtjre having a Si substrate, a relaxed Sii-xOfifn layer on said Si 

3 substrate, and a strained layer on said relaxed Sii^xGex layer; and 

4 forming a p tiansistor and an a Iransistor in said heterostniotare, wherein said 

3 sfrained layer comprises fee channel of said n transistor and said p transistor, and said n 

6 iransistor and said p transistor are interconnected in a CMOS circuit. 

1 41 . Ilje method of claim 40, wherein the hetetostmcfure further comprises a 

2 planariz^d surfiice positioned between the strained layer and the Si.sobsttate 

1 42, The mefeod of claim 40, wherein the surface roughness of fee strained layer is 

2 less than linn 

1 43. The method of claim 40, wherdn the heterostmctare forther comprises an oxide 

2 layer positioiiedbetvveen fee relaxed Sij-xGex layer and the Si substrata 

1 44. The method of claim 40, wbemn the heterosfeuctare finHxer comprises a SiGe 

2 ^aded huBa: layer pasitioned between fee relaxed SiuxGex layer and fee Si substrate 

1 45 . Hie mefeod of claim 40, wherein fee strained layer comprises Si 
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1 46. The metJiodofciaiiii40, wheremO.i<x<0-5 

1 47. tlie method of ckim 40, wherein the CMOS circuit comprises a logic gate 

1 48, Hie Bie&od of ckim 40, wheiein the CMOS ckcu.it comprises a NOR gate 

1 49. The method of claim 40, wherein the CMOS dtcuit comprises an XOR gate 

1 50. The method of claim 40, wherein the CMOS circuit cojuprfses a NAND gate 

1 5L The melfeod of claita 40, wherein the p-chajmel tramistor serves as a pdl^^ 

2 transistor in said CMOS circuit and the n-channei transistor serves as a puH-^own tneasistor 

3 in said CMOS oSrcait 

1 52. The melihod of claim 40, wheiehi the CMOS circuit comprises an inverter 

1 53. A method offabticaiiug a CMOS inverter coni^rising: 

2 jMroYiding a graded Sij-^Gcx layer on a fk^ Si sabstrate; 

3 providing a relaxed Sij-yGsy layer on said graded layer to foan a fest stajcture; 

4 bonding said relaxed layer of said Sx&t stmctttre to a second stmctine timt includes a 

5 seeciid Si substrate; 

6 removing said first Si substrate and said graded layer; 

7 providing a strained surface layer on said relaxed layer to form a heterostmcture; 

8 and 

9 integrating a pMOSFET and an nMOSFET in said Jieterostmcture, wherein the 

10 chamel of said pMOSFET and liie ohannel of said nMOSFET are fermed in said strained 

11 surface layer. 

1 54. A iuettiod of fabricating an integmted circuit cpmpiising; 

2 providing a graded Sii,xGe,r layer on a tirst Si substrate; 

3 providing a relaxed Sii.yGey layer on said graded layer to fortn a fu st striicttirei 

4 bonding said relaxed layer of said first struciiire to a second stiuctore tJjal includes a 

5 second Si substrate; . 

6 removing said first Si substrate and said paded. layer;. 

7 providing a sttained snrfiice layer on said relaxed layer to form a bejjeiostructore; 

8 and , 
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9 forming a p teansistor and an n transistor in said heterostructure, said steamed layer 

1 0 comprises the cliaaiiel of saM a tratisistor and said p taasistor, and said a traoststor and said 

11 p transistor are intercomectedia a CMOS circuit 
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BACKGRi:>UND OF I' HE INVENTION 

Tlie Inveatioa relates ic; the ileld of reliixect SiGe plaUbnus for high speed 
CMOS elsotroRics and high speed analog circuits. 

Si CJMOS as a piatlbnr, for digita] integrated circuits has progressed predictably 

15 through the iiidujiliy itJAGP.^ap-. T'i-ic {)r<;gress is created through device niiniaatrization, 
leading to higher perforiBaiice. gj.earer reliability, and lower cost. However, new 
i;K)titetK-.(;ks iu iimn. f-tsw aie ..tupeiuing as the iuie.n;<:!n!K;ciion intatrcby is expanded, 
Aiiiiougb di>;.it;3! imegifacd ciicr.!Y= l;;jvo. p: «g;;es5;ed sU: iinpii^csdcnkKi rates, iiiiaiog 
circuitr)' has iiardiy j)rogrei-;;>x? at ail i'ailbersiiore, it appeats ihii m ihc ik-lu: fiiture, 

20 serious economic and tecbioiogical issues will confront ihe progriJss of digital 
integrated circuits. 

The digiial and corarnuuioarion chip markets need an enbancemem to Si CMOS 
and the matimng roadniap. One promising cartdidaie inaterial thai tmprovea digitai 
intpgrated ciKMiit technology and intToduces new an^ilog integrated riicniT poss.ibilitie.s 

25 is relaxed SiGe inateiiaj oij Si .sisbslxaics. Relaxed SiGc. alloys on Si can have thin 

layers of Si deposited oa thenj, oieating tension ii) tl'ie thin Si iayers. Tensile Si layers 
have many advaritageous propertie.s for the basic device in iuiegTaled circuits, tiie 
metal-oxide field effect transistor (MOSFET). First, placing Si in tension increases the 
mobility of elecfeons moving parallel to the snrfaee of the wafer, Ite increasing the 

3 0 ftequency of operation of the MOSFET and Uie associated circuit Second, fee band 
offset between &8 relaxed SiGe and the tensile Si will confine electrons in the Si layer. 
Therefore, in as election channel device (n-charmel), the channel caabe removed fixsm 
the snrfaee or 'bnried'. This abiiiti? to spatially separate the charge carriers frotn 
scattering centers such iis iontoed impurities and the 'roiigh' oxide interface enables tlie 

3 S production of low noise, high perfonsance analog devices and circuits. 

A key development m Ms field was fee m?endon of relaxed SiGe buffers with low 
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dc .nHvdnl ^ ?ix smo -,442,205 i&sued to Brasen aji aualtS 'a -^o o iu o 
i siK d o I (1 i,r iltl n e e pHtejsts. define the c«nci't beit i ethodjj of tabricating high 

quality i-elaxed JsjUe. 

5 \o\ U di-^iLe -ilnti. itvs 1 1 es-m-h 1 ihontone s lia\ & xtn tat ) <- ' >ii rK 

prami >. fis or tU kIuu. btdfL.t lort\.,'«pk ^1t rn, S' ,n!t tvi^wi .<A 

v'tirhvKVJTojurnbjha itiucoioa ol over /5/(>(I<irictai,IEDM95 Tech Dig p '"07} 
Slxaiiied vSj, bm ted chaartei devices demoastratmg high tiangeoaductance £aid iijgh 

1 0 mobility Imve also been fabricated (U. Konig, ms Symposium Proceediags 533, 3 
(1998)). Uaforhmaiely, these devices possess a variety of prcblems with, respect to 
commeiciaiization. First, tiie materiai qaalily that is generally available is iasuffickat 
for pTactical istliizatioa, smce the surface of SiGe on Si becomes very ro«gh as the 
material is relaxed via dislocation introduction, 'fiiese dislocatiom are essential in the 

1 5 ^wth of relaxed SiGe layers on Si since tljey compensate for the stress induced by the 
lattice mismatch between the materials. For more fean 10 years, resesichers have tried 
to inttinsicaily control the surface raorphology &rough epitaxial growth, but since tlje 
stress fields from fee misfit dislocations aflect the growth front, no intrinsic epitaxial 
solution is possible, The invention describes a method of planarization and regrowfli 

2 0 that allows all devices on relaxed SiGe to possess a si^flcantly flatter sur&ce. This 
neduction in surface roughness increases the yield for fine-line ll&ography, tifvus 
enabling tlie nianufactuns of strained Si devices. 

A second problem with the stoned Si devices mad© to date is that researchers 
have been concentealing on demes optimiaed for very different applications. The 

2 5 surface channel devices have been explored to enhance conventional MOSFET devices, 

whereas the buried channel devices have been constructed in ways that mimic the 
buried channel devices previously available only in HI- V raatmais systems, like 
AlGaAs/GaAs. Rscognimg that fh& Si manujiLCtaring infrastnicture needs a materids 
pla tform that is compatible with Si, scalable, and capable of being used in the pleihora 
30 of Si integrated circuit ajqjlications, the disclosed invention provides a platform that 
allo%vs both the enhancement of circuits based on Si CMOS, as well as the fabrication 
of analog circuits, Thns, hi^ performance analog or digital systems can be designed 
with this platform. An additional advantage is that bofti ty pes of circuits can be 
fabricated in &e CMOS process, and therefoi'e a combined, integrated digital/analog 

3 S sysJssm can be designed as a single-chip sohttion. 
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With tik'sc .:J'.ati:oci :\.= ijf;,., r1..iX;ri,^. k i-. now po^?iibk to provide a 

Oxcmpiary embodtrr,t;ni,5 -.iic :;.\.m;m5 .■;.i.-iib; -^iruonires and methods io fabricafc 
advanced sr.-ai:ied-k\-t;i- Si isc. ij=.'s, .ir.a ■^iruc\srct. ani :n-::,th'x]s lo >-t-<';jte cir-uits baNed on 
5 amullipliciti' ordevices;, all fabucute.: t'tom ih- Njjr.e ?taj*.).g material plarfonn, f^ta-ttjtsg 
horsi the same >naieria3 platform is key to miaiuiizing cost as vvvii a? to allowing as mmy 
circmt topologies to be bailt oo this platform a$ possible. 



SimmARY OF THE IKVENTION 
1 0 Accordbigly, the itiveiitioB provides a material platform of planarized relaxed 

SiGe with regrown device iayets. Ibe pknanzadoa aad togrowth strategy allows 
device layers to liave niinimsl surface roughiiess as compared to strategies in vMch 
device layers are $xmvn without planarizatioK. Tliis pliiuarized and regrown platfonn is 
a host for straiued Si desicss that can possess opfeiiai cMractsristics for both digital 
15 and analog circuits. Striicfen es and processes are dsscrifoed that allow for the 

fabrication of high performance digital logic or analog circuits, but the same structure 
can be used to host a combination of digital and analog circuits, fonmng a single 
sj^teni-on^chip. 



2^ BRIEg BESCRIFTION OF TBB DItAWINGS 

FIG. 1 is a schematic block diagram of a s&uctore including a relaxed SiGe 
layer epitaxially grown on a Si substrate; 

FIG. 2 is a schematic block diagram of an exemplary sfeijctare showing that the 
origin of tlie Crosshatch pattern is the stress fields from injected misfit dislocations; 

2 5 FIG. 3 is a ^ble showing surfece roughness data for relaxed SiGe buffers 

produced by dislocation injection via graded SiGe layers on Si substrates; 

FIGs, 4A-4D show an exemplary process flow and xesul&tg platform stmchiie 
in accordance with 6re invention; 

FIGs. 5A-5D are schematic diagrams of the corrob^onding process flow and 

3 0 layer structure for a surface channel FET platform in accordance with the mvention; 

FlGs, 6A-6D are schematic diagrams of the corresponding process flow and 
layer stocture for a buried channel EET platform in accordance wife the invention; 

l<lGs> 7 A~?D are sciiematic diagrams of a process Sow for a surface channel 
MOSFET in accordance with the invention; 
3 5 FIGs, SA and SB &m schematic block dia^ms of surface channel devices with 
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■»foteciive mvcrs; 

lit ^ - O i^tvb JTOtl Ml s, ICl 

I t-ts 0 1 ' rv, 1 

1 U ' * 1 - ^1 tTt Mf'StJl aj^tv . 

5 isoiaoon m accofdan.ce wnn. ine j.u'.'eiHior!: 

1 i( 1 a Uv^ma ''o K jo ir mx h \i-os*a ft ^ i M ic k 
ikpo i*t,a >xi '-t.uxn ^ Crfc ^ ix.^ \ t! ^ 

1 12D arv. sch«.mattc dtagmni-, ot pioct,"?'! tlo \ t) iht, ^asc or iomiiif, 

lie surtace ohamiei MOSFET m I3ie top strained Si layer m accordance with &e 
10 JDveiition; 

tl.t, i fii.'^ hiT) t! MC'Sm (' th< bu'><,d sfjiUiKd 'a\v. « a<,vor 5ant,c -wit the 
invemion,: and 

FIGs. 14A and 14B are schematic djagraj»s of surface axid buifed ehaimsl 
1 5 devices with Sii.yGey channels oa a relaxed SM-gGex layer. 

PETAILEI? DESCRtPTiON OF TH E imj^NTlON 
FIG. 1 is a schematic block diagram of a steactiiie 100 iticbdiag a relaxed SiOe 
layer epitaxially grovra on a Si substrate 102. In this stracture, a compositioiiaily 
2 0 graded bufier layer 1 04 is used to accommodate the lattice mismatch between 

tmifona SiGe layer 106 and the Si substrate. By spreading the lattice Tnisinatch over a 
distance, ihe graded buffer miniimzes the naniber of dislocations readmigthe surface 
and dias provides a mefhod for growing high-quaHiy I'elaxed SiGe films m Si, 

Aoy method of growing a high-quality, relaxed SiGe layer on Si will produce 

2 5 rougteess on the surface of the SiGe layer in a weli-known Crosshatch pattern. This 

Crosshatch pattern is typically a few hundred aagstroms thickness over distances of 
microns. Thus, liie Crosshatch pattern is a mild, undulating surface morphology with 
reject to tho size of Ihe electjx)» or hole. For that reason, it is possible to create 
individual devices that achieve enhancements over fteir conirol Si device coimteipar^. 

3 0 However, cominerdalixatioa of these devices requires injection of the material into fee 

Si CMOS process environment to achieve low cost, high performance targets. This 
processing enwomnent requires that the material and device characteristics have 
mimmal impact on tte maiiufactudng process. The croissliatch pattern on the surface of 
the wafer is one iimitmg characteristic of relaxed SiGe on Si feat affects th& yield and 
3 5 the ease of maijufacture. Greater plsnaritj' is desired for high yield and ease in 
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IMiography. 

Tlie origm of the crossMlch pattern is the stress fields from the injected misfit 
dislwcaUons, llus etlcct is dq>icied b> the eiempiar^ s'xit^taie " i ^ho\\ i m i IC 
Bydeimuiori. thedulos.<moji^irti>>ibt mtjoduced ir okK u v-ournoddEi i.Uf I.'-' k*?- 
5 inii>>tiatch, between vhe SjO^ ^ ^ ■^.ubt-.ia llii- jUv,b^ Uc . ' ^ uugu^tie d Or 

ci-locaTio,!?, ard ajc tcirui - , at * ^-^ ot lue "ilm hu^^f^set i\l l^r!~! i uum tt 
uii "suita'-^ orv."at<;s k.nt.U' uos t t tTviir p5aoc to pk^e or {he \lc i^fOie 
.^.iiej Smce uowrhrat-" r -^rv. <. 'iitt-i coa uns 3 (fv^ivut th ciaK^at. 
o'dk-pok. tiov cKvi r .\ dirtv ui!^ jN OA ^ e vUf. One J35 v thinir tlM^ ih i.L iaj-er 
10 gro'Athbeso.idthenif'i''..^ >>iO-.„ o -\sf s.-"<.'t.vi i oi she i iiiKLc'.*^ 

diUercrKO^ i"-ntor!t^> ^ ■'.^tv> < ' i . i<.histi ci in\e^ Ion.'- 
\-vavt,Jength, itiucfn-^e, bv.r vt. d i - o i t.'; ^ > oi J^^,aT S'^oxi^h to tt,m<> e V 

i'iCT 3 IS a tabic that diq)la>s jiialacc AM)i1<ni.ss oj nlaNu' S Oi. K it^^r'^ 
1 5 piouuced by dislocation injection via graded bi«.'0 la-, on Si i.i'1-ti ate^ Xote that the 
as ^ro\Mi o'<.is-.hakh pattern for relaxed SiosGe ■> bi ffers ceate^ a txpical rouglines<? of 
approxaiuirelj '^hun J hi«s aser^'ge roughut;*.* increases a!» tijc Gt content m tfic 
aia\ed hidtor ^ msta^ sed Thus, for anv SX-e l«vi^r that i» re!ax.>jd throi d' -lo^ atioti 
introduohon durmg grow % the suffacv roughness i-, tsnacc&^tabk rot s . k ot l,^ u t 

2 0 fabrication facilities, Afiet the process m winch the teJaxed SiGe is planaiized. the 

average roughness is less thm 2rm (typically 0.57ihii). and after device layer 
deposition, tiis average roughness is 0,77am with a I5\m re^wdi thickness. 
Thesefoxe, after tiie coitKplete structure is fabricated, over one order of magnitude of 
roughness reduction can be achieved 
25 The regrovrth device layers can be either ^eatesr than or less than tlie critical 

thickness of She regrovsiih layer. In general, in any lattice-misTnatched epitaxial growth, 
fcin layers can be deposited without fear of dislocation introduction at the interface. At 
a ^at enough thickness, any iattiee-nnsmatch betweexi fee film and substtate will 
inh'oduce misfit dislocations into the regrown heterostiiicttjre. These new dislocations 

3 0 can cause additionai surface roughness. Thus, if the lattice-misnaatch between the 

regrowfc device layers and relaxed SiGe buffer is too great, the effort of planarizing the 
relaxed SiGe may be lost since massive dislocation introduction will roughen the 
smiace. 

There are ma distiuct possibilities with respect to fee regrowfli thiclmess and 
3 S the quality of snrfece. If the repowth kyers are very thin, then exact lattice matching 
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of the re^owlh layei compo<5tttoo and the " ^x^i - \ > <. n^osttion !b aot 
necessary In *b ■=! cabt., ftjt. i jfaoe mii^^hi ^. fn ajvcuxim -Uv equal to 

tbcpost-pU . ' c b.v 1 J -« . ' - u'-iesst, s Thvj 

5 t^cuLt.Eit ation s ^ c i ^ c > v h U t. , rJ' " i^ixli-aMan ' nt,^, <^ 

it.„io\Yf^ iavei bciow <ipproxima*c!y 0 ^iim unlo'^s i.\ce!iciit con rol ol t. a>iikirrn*v 
of Ge conceatration across fee water is acbie^'ed. Al&ougli this composiiior.. matching 
is achievable in state-of-iiie-art tools, FIG. 3 shows that less precise matching, i.e„ 

1 0 mfhin 2% Go, lesuifs in xmsQt dislocation introduction and introduction of a new 
cros^aiscfa pittiem. However, because the iaftice ixdsjuatcli is so smalJ, the average 
roughness is still veiy low, apijroximately 0J7mn. Thus, eito lattice-matching or 
slight mismateh wiil resnit in excellent device layer surfaces for. processing. 

It is aJso noted that the relaxed SiGe alloy wiSi surjfece roughness may not 

15 necessarily be a wniform composition relaxed SiGe layer on a graded compositiott 

layer. Aitliougli this material layer smicture has beeai shown to be an early example of 
inglx quality relaxed SiGe, there are some disadvantages to this structure. For example, 
SiGe alloys possess a mtich worse coeiiicieat of themial conductivity than piire Si. 
Thus, for electronic devices located at the surface, it may be relatively difficult to guide 

20 the heat away from the device areas due to the thick graded composition layer aitd 
nirifotm composition layer. 

Anofeer exemplary embodiment of fhe iaveation, shown in FIGs. 4A-4D, solves 
this problem and creates a platform for high power SiGe devices. BIGs, 4A-4D show an 
exemplary process flow and lesulting platform siructore in accordance wife the invention, 

25 The stnioiure is produced by first forming a relaxed uniform SiGe alloy 400 via a 
corapositionaily graded layer 402 on a Si substrate 404, The SiGe layer 400 is then 
transferred to a second Si substrate 406 using conventional bonding. For example, the 
uniform SiGe alloy 400 on the graded layer 402 can be plaaarized to remove &e 
crosslmtch patten^ and tliat relaxed SiGe alloy can be bonded to the Si wafer. The graded 

30 layer 402 and tlie origins! substrate 404 can be removed by a variety of coavendonal 
processes. For examplej oiie process is to grind the original Si substrate away and 
selectiveiy etch to the SiGe, either by a controlled dr>' or wet etch, or by embedding an 
etch stop layer. The end result is a relaxed SiGe alloy 400 on Si without the thick graded 
layer. This staictare is more suited for high power applications since the heat can be 

3 5 conducted away ftom fee SiGe layer more efSciently, llxe bond and substrate removal 
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teehtaque caa also be used to produce SiGe on insuktor substrates, or SGOI. All SGOl 
wafer is produced itsing the same tecbaique shown in PlGs. 4 however, Ihe second 
s«bsftate Is coated with a SiOa layer before boadiiig. In as alten^tlye embodiment, both 
waters caa be coated with SiOs to enable oxide-to-oxide bonding, llie resulting stmcture 
after sabsUrate removai is a high quality, relaxed SiOe layer on an insaiating film. Devices 
built on feis platform can utilize the perfoimance enbancettisnts of both sixained Si and tlie 
SOI architectuse. 

it will be appreciated that m the sceaario where the SiCie iaver is trausterred to 
aaothei host substrate oa«j may still need to pkudnztbefou- t \ i ]- d vu 
Structure The SiGt, surfave can be too rough for state of the i p j in iuL to ii t 
>ubstratv Kjmoval tie*, xn qt c In this, cdhe the relaxed SiO i-^ ^ laa i in i the 
de\ its lavers are TLgrov.Ti on top of tlie high qualitj i"' \ d blue ur a 

P in-ui anon of hi urtaoevia rcchinic ii <- r othei p iv i aim tbcd i 
rtqu r^d o ^latt n tht iirl itt md to i hstv^, CMt'sS qm\ ts t,vii. v ^ tl 
iiOd 1 1 1 i t r 1 } t t I n d ui til i m 

^<-i -h ii) ihu lit I h i I 3 n i p Hi 

mcnojj&tciiu thaird v-d S < i \ Jli nijlnnan i H \ i devt,.e 

i^ro^th '^ t to it mn I oh It ti i ( ^lO*^ 

p-iKnr il<r ^ wna o K u ii j.i Mh ^^ i j psr^d to 

t dtu unbo iin c H'5 ot att in at tucl h im liJ 1 ^ 1 

IC \ 0 tii. au ittdi > pJOtL^ fl( and re tiUt! o ]i\ j 

btiuctocim \ \ 1 \o K \ as i wlatc ntj hut. OC 

nJac \ ui ! i 1 Hi nn i n fit u tt c^^ula 

tl ^ e I 1 id e 1 iv.td S ( la C3 or S t mo ^ « ta erml 1 1 

hi h h I la c^Si(.t![i tia.nsfcn.ed thiouUi i n i -ndm ird cn 3? 
to 0 i c [ i h d MCt a ) ■>0?Kplanan2ed(i<ic ^H! rtinot he 

1 lUciltn ail tl nu ^ ct. r oTowthlajerb -106 tpitaxub's. dcj.o-.itt.d 

<H Jti 1 11 iot 1 tu m n K compobitionof theregro%lhU\er306as» 

i^el I J iltie \ dM<jc-iO> iiowe\<a', a-imallatnountofmisnatUiand 

aiiilwijat sun mtToduv;u(>n m xm interface is tolerable since the sarlace reKiams 
substanually planar. .I'Oi a surtacs channei device, a straiued Si layer 508 ofthickness 
less ttan O.ljLiai is to grown on top of the relaxed SiGe 502 with an optioaal 
sacrificial layer 5 1 0, as sbowa in FIG, 5.D. The strained layer 508 is the layer that will 
be used as fee chanael In the liiial CMOS devices. 
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■.tnu'uu k-i i ^■'urcJ ^.i^aripfcl { hi plalfoim m acLOiaanL.e ^^tn iL>^ rav n oa in ihi^ 
nil. ujTtf tilt" 'e^ow P3 i iycrs 606 trtlaoe a Ut tee n.->a{ch^ Si< jr L v^r oo:; ,j Jiainf Si 
chtumel 3rf>er d^^h wjth a feiekne^h oi ks^ liiaii 0 O'^ym, a SiG>, frtparatioH or >,pacei ld>er 
5 612, a Si gate oxidatioii layer $14, and m opfiomJ sacrificial layer 610 used ks psotoct tie 
heterostructure dmiiig the initial device processing steps. 

Once the device stnicture been deposited, the rest of the process flow for 
device fahricatioii is very similar to that of bulk Si. A simplified versjoa of &e process 
flow for a surface dhaisrsd MOSFET in accordance with fee invention is shown m 

1 0 FIGs. 7A-7D. This siwface channel MOSKBT contains a xoi&xM SiGe kyer 700 and a 
strained Si layer 702. Hie device isolation oxide 704, de^jicted in FIG. 7A, is typically 
formed Best In &is step, the SiN layer 706, which is on top of a thin pad oxide hysa: 
70S, serves as a hard mask for dther local oxidation of silicon (LOCOS) or shallow 
trench isolation (STf), Bo& techniqties use a thick oxide (relative to device 

15 diistensioDs) to provide a high fhareshold voltage lietween devices; however, STl is 
better suited for sub-qnarter-tnicron technologies. Figure 7B is a schematic of the 
device area after the gate oxide 716 growtli and fee shallow-source drain implant The 
implant tegioiis 710 are self-aligned by tising a poly-Si gate 712 patterned with 
photoresist 714 as a masldng layer, Suhseqwently, deep sowrce-diain implants 718 aie 

2 0 positioned using conventional spacer 720 formation and the device is electrically 

contacted through the formation of silicide 722 at the gate and siHcide/germanides 724 
at Ihe soaice and drain (Figure 7C). Figure 7D is a schematic of the device after fee 
first level of metal interconnects 726 have been deposited and etched. 

Since Ihtsre are limited- thickness layeis on top of the entire stnicture, the 

2 5 removal of snxface material during processing becomes more critical lhaii with standard 

Si. For surface channel devices, the stnicture that is renown consists primarily of 
nearly lattice-matched SiGe, and a fcin surface layer of strained Si Many of the 
processes that are at the beginning of a Si fabrication sequence strip Si ftom the 
!5urface- If the processing Is not Ganjfully controlled, the entire; strained Si layer caj) be 

3 0 removed before the gats oxidation. Tiio rc-siLiiivig de vice will be s relaxed SiGe channel 

WT and rhus the benefits of a ?traiT^-:.\] channii vrrilnotbe reali.?.ed. 

A Icigicai soiViii.M-: *:o c^ir-.i-:;!; Si v;?n-.o--'a! during initial processing is to make -he 
stiained Si byet thick <;not; ct Rir eri^^ait for this reraovLil. HcAVt;ver, thiCxk. Si laye);,> 
fire liot possible for f wo rei'^oiu; r ir?;. the erJi^irured clectr-cal properties onginate from 
35 ihe taci tiiat the Si is strained and tivick layers experience strain reiief through ihe 
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cvHTcnts m limcisona, 

[n O'-JiT liipievtiu'-fnio o ^ . - dJd^c *b^LiCin^< 

5-ioc\UiO\ jci><'c i>. V t.M i iv. ^ U ^ " > ^rott.<,tisc U inns'- K 

S < K { Uf "lO ^ i^'o tid ha\<. > oe u'>iivtnti<,>tiOii -muJar o t'^at vjf the rdaxed "s)* a^. v i 
$f»)i,n.iov so . ai 'i c tbiclaic-. ii not limitec: by cnt<L. 'I thtt^^nc^" cons+iamt i Hu) <)„ 
i1k )atij{ rts thv Si<)c - ti^niicwl lavei isrsmoveci in&itad She &lrd'noU S vlwrjiel 
IvS^t^r The 'hi^k^css oi Ui^ sa*,itfn.}ai layei can <*irhoi be tbnt,d to ^qu<il Jhe romovci] 
ai!cknt?o, Of can ot, raaoe g,e<)ter tiian xht ienio\aI ihn^luiess In ihe ktt.r ca-^e Uie 
excess SiGe can be selectively remo ved before the gate osidadon step to reveal a alsm, 
stejaed Si hy^ at flie as grow thickness. If the p^cular febricatioa iacility prefers a 
Si teiBimated surface, a sacrificial Si layer may be deposited on tc^ of the SiGe 
sacrificial cap layer. 

FIG. SB shows a stracture where a layer 806 of SiOj and a surface layer 808 of 
eiflier a poly-crystaUiae or an amorphoiis material are tised as protective layers. In this 
method, an oxide layer is eifcer gxown or dqsosited aftesr fee epitaxial growfe of the 
strsined Si layer. Subsequently, a polyciystalliae or amorphous layer of Si, SiGe, or 
is deposited. These semiconductor layers protect the strained-Si layer in (he same 
manner as a SiOe cap during tfce processiis^ steps before gats oxidation. iPrior to gate 
oxidation, the poly/amorphous and oxide layers are selectively removed. Although the 
sacrificial layers are shown as protection for a surface chaiioel de\'ice, the same 
techsiques can he employed in a baried channel beterostractine. 

Another way in which conventioiial Si processing is modified is during fee 
souKss-drain siiicide-gennanide formation (FIG. 7C}, In conventional Si processing, a 
metal (typically Ti, Co, or Ni) is reacted witli iise Si andj ferou^ standard annealing 
seqtjeaces, low rssistivity siljcides are formed. However, in this case, the mebil reacts 
witlx both Si and Ge simultaneoasly. Since the silicides have much lower free energy 
than fee getmsnidesj (here is a tendency to form a silicide while &e Ge is espelled. 
The expelled germanium creates aggiomeratlon md increases the resistance of the 
contacts. This increase in ssdes resistance offsets the henetits of fee extra drive current 
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ficmtiieheterostacv^ . \ ^-'^^ . m.tf>e'5 of the ^tiootcr:; 

thefoimatioTiofa c c c o ^ \. ^ - . ,->nsbk'.n<i£K- Hov^.^^'t, at- di^.^u5,-tj 

abovi. forthepioMtw * -^^ ^^ri-^,, , - ':'i,r(>) <iubc JoviCv, epsiax> stage , an 

S !a a,>p[i!.d UT5ie^d<^f opn-r;:t<-i<^t>oSii.e-nc*olrv,aatoa. I .ir<;\ainpkMV>jt3an^d^!t;icti 

and alkw ihe coTi\£rt.o)jrii ■filicide 'i^chnology to be piacticed without encomitering the 
10 profoleins with SiGe~.met.al reactions. 

The approach, shown on a s\iifacu olkmnei';CvOiu.stuJctuje '^('U m Flu OA. 
us^s d <k-£ tch layer 9()6 iinn enou^b flsdi it is, Mih»u'i!iUdI5y The hy<si 90<5 iS 

piovided Oil A strauicd charnei iayer 90- and telaA^d :^t(\ layer *>0?.. hi tl^is ca&e, if 
a siibacquctu St layei yO^s bc7ond tte critical thtcloiess, ihe compresjshe Ge-rtck 

1 S layer 906 acts as a bamer to disiocatims entering the strained Si channd ,904, This 

banier is beiieftciai since dislocations do not adversely affect the sUicidti process; tlius;, 
&eir presence in the subsequent Si layer 908 is of no consequence. However, if the 
dislocations were to penetrate to tlie efaaauel, there would be adverse effects on the 
device. 

2 0 A. second approach, shown in HG, 9B, is to allow a Ge-rich layer 91 0 to 

intssationaliy exceed the crilicsJ thicicness, thereby cmmng substantjal relaxation in &e 
Ge-rich layer. In this scenario, an arhitrariiy thick Si layer 912 can be applied on top of 
file relaxed Ge-rich layer. This layer will contain more defects tiaan the s&ained 
channel, but the defects play no role in device operation since Ms Si is relevant only in 

2 5 the silicide reaction, in bo& cases, tie process is fiss from the metal-SiGe reaction 

concerns, since ftie raetal will react wi& Si-only. 

Once the silicide contacts have beea formed, the rest of the seqii^ce is a standard Si 
CMOS process flow, except that the theimal budget is carefiilly momiored since, for 
example, tiiie silicide-germanicide (if that option is used) typically caaiiot tolerate as 

3 0 Mgh a temperature as ifee conventional silicide, A major advanfeige of using Si/SiOe 

FET beierostnicterea to achieve enhanced performance is the compatibility.' with 
conventlonai Si tecbniques. Many of the processes are identical to Si CMOS 
processing, and once the front-end of the process, ie., the processing of the Si/SiGe 
beteiTOSftuctare, is complete, &e entire back-end process is mnnfluenced by the fact that 
3S Si/SiGe lies below. 
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h\ n iou^n the snri,fl^ Jiefejostructo t if fiiv, I as td Jin 
ic^isdm -^-^li Ton in * of .lit wfaL.eLhaun,^l dt.^ ct, *-if.nnc^s {i< v \ i \ ol 
( iV ah' xft^vslKmrinnOs "A FIG iOjs is b i.iUhioJ^d &c^id ; 

io! t \'v c b> aini^ u if u d lus--! oo1^ U'O^ b n 

^„ :>^x ! >! n it!0!i on Si(, 1 ^ro > ^ ^ i n y \. ■<\. n 

1 ti a MOS'I On <,( n^t. |it,nc o 1-^ Sj h r ^ Jnt lit ^ lO(^ th v5 
10 'iilMrtii 1 port on ^ U ii il' ema n <^ f>5tc (.viaiaji (. ir- ers <_ k 

opi "X'^n uR-iiUn ^ f -> ■>mi?i.'^ haiirtl nt^nJi ] ~< IIilIl aeabunM 

rin Had k idm <. Ji, <, <.\ " peutt^ I'm the sur+at.t, Si m t 

ktpl i*. \\m a<! p^ss bit npic^lb' less tbn-i ^OA. i-^cii \ m the ».ange of 5 1 ^ \ 
\iotht£ ^Jced Ivatutc that ij> netes&ai \ k i a u! !<,d i it? id dc\ iCi. is t 
15 k>er m Pia it llie fseld experienced i» the vcrtsc il dutv,* < » \^'liv.i} \l t. du^ jct !i> ttir ed 
on stotii:, n-ioagh to pu'I -in eis Irom the bo ! <.han it' 1002 aiid toiLC tiit.r to 
poriila <. 1 Sj c ilI 1 mi ^ it I -.so 5!-"£.^ ici. 01„ lh^,'5 dv-tro>ing m\ 
ad%aiit%sot h D in V. i^h I \n<, li s u^} i In of dopant rau&t It, nUro hii. ea 
citacrm >cL\u 'oniVn n ; t ^ -n } j d tt ^ t -^o ^ h-vur 1 'O*^ o belo't 
20 tiiebm'cd whaimel m ih, laidcrij mg SiGt iOlO in this wd> the dcMCv > torteu on 
with little or no applied voltage, and imtxed off by applyaig a voltage (depletion mods 
device). 

FIG. II is a schematic flow of ^ process, for any heterostructare FET device 
deposited on relaxed SiGe, in accordance with &vs inveation, the main process steps are 

2 5 shown isi the boxes, and optional steps or coiisinents are shown in the circles. Tb& fest 

tiiree steps (1100,1102,1104) describe the fabrication of the stramed silicon 
heterostroctare. The sequence includes production of relaxed SiGe on Si, plaimrization of 
fee SiGe, and regrowth of the device layers. Once the strained heterostructure is complete 
(1 106), MOS febrication begins with device isolatson (i ] 12) using either S'O (1 110) or 

3 0 LOCOS (1108). Before proceeding to file gate oxidation, buried channel devices undergo 

a supply and fereshold implant (U 14), and any protective layers applied to either a buried 
or surface channel heterostructure must be selectively r^oved (1 1 16). The processing 
sequence after the gate oxidation (1 118) is similar to conventional Si CMOS processmg. 
Hiese steps include gate deposition, dopiug, and defmilioa (1 120), self-aligned shallow 
3S source-drain implant (1122), spacer formation (1124), self-aligned deep sonrce-draia 
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mipla-it (J j 26) «£'lk-ick- fu: ^ ^ v- ' ^ 1 u" no itiun via metal ijeposition and 

udirijO), The steps lauinjigoi gr >.".r i\..u .oj^avt been discussed, 

Oi\Q pardculai ad\'amage of ihe pn^iccss of FIG. 1 i is that it eUdOle^ dxc cse ot 
t,iitf.ice c'lannct and buned cbannel dexiccs on i>ie sam^ platfomi < orsidei x-ki ? 
5 ]?'\ l'^,n a«d 1 TiTh n \-niX whKh ahow d rTiiver?di substrate 'a\e' >.ont")<-n i'tn Ji 
ir'u 1 p'ocf '-s ih<U loads, to the co-babitatMn of surfac' and buried chaiinel VIC^SFF Ts 
on Ibc sa5i3c dap T\q i niveisal sab'Stjatc iS one m v,'hich both surface chanael aiid 
ou^ led enamel dcvKXs can be fabricated Tbcic aie two possibilitie-s in iabucating tlie 
surface chatint'? device m this seqy«r>ce, shown nt Fids \ 2 and 1 ^ The ptocess, fi<>\vs 

1 0 for combming suiiac© and buried cTiannei are similar to the previoas process described 
in FIG. 7, Therefore, only ftje critical steps involved in. exposing fee proper gate areas 
are shown in FXGs. 12 md 13. 

FIGs. 12A and BA depict the same basic lieterostaioture 1200,1300 for 
integratiJig surface channel and buried channel devices. There is a surface strained Si 

15 layer 1202,1302, a SiGe spacer layer 1204,1304, a buried sbrained Si layer 1206,1306, 
and a relaxed platform of SiGe 1208,1 308. Two strained Si layers are necessary 
because the buried channel MOSFET requires a sniface Si layer to forni tJie gate oxide 
and a buried Si layer to form the device channel The figures also show a device 
isolation region 1210 &at separates tiie buried chaimel device area 1212,13 12 &om the 

2 0 surfece channel device area 3 214,1 314. 

Unlike the buried channel device, a surfece channel MOSFBT only requires one 
strained Si layer. As a result, ^le sur&ce chaimei MOSFET can be fabricated eifeer in 
the top stnsined Si layer, as shown in FIGs. 12B-i2D, or the buried Si layer ohasnel, as 
shovpn m FIGs. OB-13D. FIG. 12B is a schematic diapam of a surface channel gate 
2S oxidation 1216 in the top Si layer 1202. in this scenario, a liiicker top Si layer is 

dedrsd, since after oxidation, a residual strained Si layer must be present to fom the 
channel. FIG. i2B also shows a possible position for fee buried channel supply implant 
1218, which is usually implanted before fee buried channel gate oxide is gimvn. Since 
the top Si layer is optimized for &e surfece channel device, it may be necessaiy to strip 

3 0 some of the top strained Si in the re^ons 1220 where buried channel devices are being 

created, !is shown in FIG. 12C. This removal is necessary in order to minimize the 
surface Si thickness after gate oxide 1222 formation (FIG. 12D)> and fens avoid the 
fommtion of a parallei device channel. 

Wlieit a surface channel MOSFET is f bmed in fee buried strained Si layer, fee top 
3 5 strained Si layer can be thin, le., designed opiimaily for tiie buried channel MOSFET, In 
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FIG 13B ut top 11 ■> arc removed m thi^ rt^ur ' ' 

oiopeitieiv a f3i'>^c ^ sui^'i a-, wcr o tj 

chemical etc M J;, '•l. i j ^ t^eo<. ii mtK '3 hsiic 

rates iban Si ^.^5, i, i c 0 ' io FIii C thv ^ai<- 

tt-M1.ri^.d^^naImc^v.^^ ^^ tin 1 " 1 ^ i u o k 1 mi'^ i ui-'utjes itt 
f\!i > \( ti im.n if n, top ldy<-^ is> rtqujTc co deuou syjcc iJit 

c !a\jui ^-s ■>s (.jtimt a or tht bimed chatmtU' t '^n^ to tht-se initial 

stc])-i the rtoi- s mj. tui c jcb d.<^\KCpTOvtM.Js <»^p-a t ^ ) <.i I1 c 

\iiot1ier ke\ step t the pro(,t.5>o Jb rht u i 0I i loi.- ^.td i.*n ^ the 
su j) i a\u iKLi. !ti lilt itt.! dkinm Ht j< 1. Tr a MOSFT f ^ uaoit uht^ uho 
H ti I mi Jon Uag* e uo"; i eki>. ireprt^c Itha Dtin^ c. imsj^'h. V a 

'iKtaiaoi' t, let ,.vn { t;; '>t <ii J ihs i vonlmLij U e Ut-k-ooimr ilu t^unsd 

IK I M layer is not lan noa4h fo pj^cnt v sm, •> ir~>m h<.w^ pii'' d out >f the 
^•ujied chaiirc ITius at tirst, iiis, baned channel MOStFl ^vou^d appea' u'dcs^ 
However, if enoiigl> charge were present in the top SIGe layer, fee MOSFBT wou ld 
become a <iepletion-mode device, i.e. nonnsliy on and re-qJdrmg bias to turn off the 
channel, in the siirface/buried chaanei device platfomi, a supply layer implant can be 
created in the regions where tlie buried channel will be fabricated, thus easing process 
iniegratioa. If for some reason &« supply layer implant is not possible, note &at fee 
process shown in FIG. 1 ! in which the surface channel is created on the buried Si layer 
is an accepisibls process, since the dopant can be introduced into the top SiGe layer 
duxiiig epitaxial growth. The supply layer is then removed from the surfeee chaimei 
MOSFET areas when tie top SiGe ajid strained Si layers are selectively etched away. 

In the px>cesses described in FIGs. 10, 1 2 and 13, it is assiimed thatthe desh-e ia to 
fabricate aburied chatmel MOSFBT. If ihe oxide of iiie buried channei device is removed, 
one can foim a buried channel device with a metal gate (tEEmied a MODFET or HEMT). 
The advantage of this device is that fee transconductance cm be muchhigher since there h 
a decrease in capacifeince due to the missing oxide. However, there are two disadvantages 
to using this device, Fkst, all thermal processes after gate definition have to be extremely 
low tffitjiperature, otherwise the metal will react m&i tiie semiconductor, forming an 
alloyed gats with a very low, or non-existsnt, barrisr. Related to this issue is tihe second 
disadii'antage. Due to the low thermal budget, the source and drain f ormatioji and contacts 
are typical ly done before the gate definition. Inverting thesje steps prevents the gate from 
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'\tK the' 1 Ln< t . a the MOSi bl ot \ . . ' - "K'i^e s .'j 

5 ihe coirbmatioi) of bunedn- i ^ ma j; r i e ^ irfj^e 

vb.>nt5t:.l ^'OSFhls has beeiiempha . k u i . i'l-iMiin to ^m.-tha^s/o 

pr<jt.<;ijomg Th b t4A and 14B aio &cbetM.itK dia^nam- Ox ^unacv I-^OC and kmco 

10 i-rO vhansicl de\.cfc3 %\ Ah Si ^Gc. uh^niBcK V't.'? on a Tr.,.Nei St( J ic, lasci 140^ 
The dc\Ke^ ait, ^aos\r after isviU'fiation i .'viuii' a pu.'v-Si =;aie '-MO gate 

oxide 1408, sii3Cide regions HU, --pdccib 141 k «nd duiied re^njii& '4lo lu the 
surface ohamei device 1400, a thia layer i406 of Si must be deposited octo the Sit-yGSy 
layer 1402 to fbim tfee gate oxide H08, as previousiy desciibed for buried channel 

1 5 devices. In the buried Sii-yGey chaanel device 1450, the device layer sequence is 
unchanged and consists of a bimed straiixed channel 1402, a SiGe spacer iayer 141 
aud a surface Si layer 1420 for oxidation. 

To maiutain tensile straiai in the channel of an nMOS device, the Mice constant 
of ihe channel layer must be less than that of flie relaxed SiGe layer, ie,, y must be less 

2 0 than z. Since n-chatmd devices are sensitive to alloy scattering, the highest mobilities 
result when tiie Ge eoncenteation in the channel is low, lii oxder to l^ve strain on this 
channel layer at a reasonable critical thiclmess, the anderlyiag SiGe should have a Ge 
conceottation in the range of 10-50%. 

Experimental data mdicates thai p chaunels are less sensittve t» alloy scattethxg. 

2 5 Tim&, surface MOSFETs with alloy channels are also possible. In addilioa, the baried 
channel devices can be p-chanael de vices simply by leaving the Ge concentration, in the 
channel, y, greater than ihe Ge concentiation k &e relaxed SiGe alloy, z, and hy 
swilcking She supply dopant &om n-type to p-type. Hiis configuration can be used to 
form Ge charmel devices when y == 1 and 0,5 < z < 0.9. 

30 With the ability to mix enhancement mode surface channel devices (n and p 

channel, through implants as in typical Si CMOS technology) and depletion-mode buried 
channel MOSFETs and MODFETs, it is possible to create highly integrated digital/analog 
systems. The enlmncement mode devices can be fabricated into high perfotmance CMOS, 
at^d the regions of an aualog circuit requiring the high performance iow-mise depletioti 

3S mode device can be falnicated in the buried chiamel regions. Thus, it is possible to 
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plpifoftn Uioso <li.%^£v-5 -..^>-s . .wr..Jh in the ox lV S} 

CMOS chip 'i- IraoMsuMs a; - ^ ' bv 'Ic hiti cnJ ,f'L.hn.>'u<,'" toa<^^ Thii<i, *'k' 

onU . Jj.,fi^^s tH^ ^ MOs pr.c«. 5 ^ ^, - i ,c . )« jn ihi. i^roccs^e^ tn Ti.' U 5 uion 

5 iicjjii" ,ind the mare;, if, 0 ' >' s . c t^anu mantitav,ru!,ro ],u\rs 5 

CMOS ,:-.v.'s<)-. h^•' 

A.]±oa^h the pi^&uj luveutiouLdi buxn liiov,') <ifw Ci^^cn^'? wih ttf\'Cr{ : > 
<;c-ve!.-3i prefcjicx' enibodiinestP {hereof, \ariO«s changes,, oiaj-bton;:, and 3Ah»on? <- the 
10 tomi imi dciail thcreot, tiiay be aiade ihei«iii, vsuhout depajting fiom ttie bpjut atiu 
scope ot the mvention. 

What is ckimed is; 
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CLAIMS 

1 LA semiconductor structure &r integrating aurfece channel and buried chanjiel 

2 devices comprising: 

3 a substrate; 

4 a reiaxed Sii-xOsx layer; 

5 a Sij-yGey layer; 

6 a SisKtvGew layer; and 

7 a Si layer, 

1 2 . llie structoe of claim I , wherein a carrier chanaei of a sarfece chaimel 

2 device is provided m either said Si layer or said Sii-yGey layer, 

X 3 . The stiuctMte of claim 1 , wlierein the semiconductor stoicture is undopad. 

1 4. The sfractore of claim 1, wherein y<x. 

1 5. llie stmcture of claim 2 or 4, wherein y is approxiinatdy 0. 

1 6. 'fhe staictore of claim 1 fertlier compdsing at least one planarized surface, 

1 7. Itie structure of claim i, wherein the substrate comprises Si. 

1 S. Tiie structure of ckioi 1, wherein the substrate comprises Si wi& a layer of 

2 SiOi. 

1 9. The structure of claim 1, wherein the siibstrate comprises a graded 

2 GompositioTi SiGe layer on Si. 

1 10. '.Fhe atructute of claim 9, wherein the sabstrate further comprises a miiforsB 

2 composition Si j .^0^ iayer on said graded composition layer. 

1 U . The sftuctare of claim 10^ whereisi z is approximately equal to x, 

1 12. The structure of cJaim 1 1, wherein the surface of the substrate Is pianarized, 
2 

1 13. llie stmotee of claim 1 > wherein Qie snbstrate comprises a anifotm Si i . 

2 sGss-layeronSi. 

1 14, TEie stractare of claim 13, wherein % is approximately equal to x. 
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1 IS. The structure of claim 14, whereiii fte mface of the sabstrate is 

2 pianarizsd, 

1 16, The staicture of clatei 13, wherein fee Sii-^Oe,; /Si staictiiie is formed 

2 throtigh wafer bonding. 

1 17, 'fhe stmcfure of claim 1 3 fiirQier comprising a SiOj layer between th« 

2 tmifomj Sif.aGe^ layer ajid the Si. 

1 18, Tbs sfcfuctare of claim 1 7, wherein z is approjdisateiy equal to 

X 19. lias stniclMrs of claim 18, wherein &e sarfece of the substrate is plauaiixed, 

1 20. A semiconductor stnicture for integrating surface chaimel and buried 

2 ciiannel devices conjpming a relaxed -phrmtmsd SiusGs^ layer and regrovra device 

3 layers, 

- 2 i , The stiiicRjre of ckim 20, wherein the regrown device layers include a Sit. 

2 yGsy layer of thickness h; a Sij-vfOe^ layer; a Sij-aGes layer having supply dopant; and 

3 a Si layer. 

1 22. ITie structure of claim 21 , whsreii^ h is appmximately 0, 

1 23 . The stoG ture of claim 2 1 ^ wherein w<x and fee supply dopants are n-type. 

1 24. The struc turs of claim 20, wherein a carrier channel of a surface channel 

2 device is provided in either said Si layer or said Si^wGevf layer, 

1 25. An iniBgrated dtcuit fabricated on relaxed Sij^xGex comprising at least one 

2 surface chanuel MOSFET and at least one buried channel FET, 

1 26. The circuit of claim 25, wherein the ssnface channel MOSFET comprises a 

2 Sii-yOej. layer wife y<x; a Si layer of thickness h; a gate dielectric; and a Wghly 

3 conductive gate layer. 

1 2 7. Ilie circait of claim 26, wherein h and y ate approximate ly 0. 

1 28, The circait of ciami 27, whemn the buried chaimel FET comprises a Sis. 

2 yO&y layer with y<3c; a Sii-wQe,,. kyer; a Si layer; a gate dielectric; and a Iiighiy 

3 conductive gate layer. 
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1 29. The circuit of claim 28jwbereia y is approximately 0. 

X 30, The circuit of claim 27, wherein the buried channel FET comprises a Sij. 

2 yQsy layer with y<x; a Sij,wG8w layer; a Si kyer; and a highly cofidiictive gate layer, 

1 31. The circuit of claim 30, wherein y k approximately 0 . 

1 32. The cjrcmt of claim 25, wherein fee smrtacs chanael MOSFEI' comprises a 

2 Sii-yGey layer with y>x, a Sii.»Gew layei-, a Si layer; a gate dieisctric; aad. a highly 

3 cosdactive gate layer. 

1 33. The circuit of claim 32, wherem ilie bxirieci chaimel FET comprises a Si-,, 

2 yGey layer with y>x; a Si-.-wGe.*- layer; a Si layer; a gatie dielectric; and a highly 

3 conductive gate layer. 

1 34, The circuit of ciaim 33, wherein y is approximately 1 . 

1 35. The circuit of ciaiiti 32, wherein tlie buried charmel FET comprises a Sij, 

2 yGey iay^ wiiii y>x; a Sit-^Gew layer; a surface Si layer; a hi^ly conductive gate layer. 

1 36, The circuit of claim 35, whereia y is approxirastely 1 , 

1 37. lire circuit of claim 25, wherein the relaxed Sij-xGex fhttker comprises at 

2 least OBe planarized surface, 

1 38. A metliod of fabricatiug a semiconductor steiicture comprising: 

2 providing a relaxed Sij -xChx layer on a substrate; 

3 providing a Sit.yGey layer on said SU.^6e^ layer; 

4 providing a Si,',wGe,y layer on said Sii-vGsy layer; 

5 providing a Si layer on said Sit.wGew layer, wbereiii 

6 surface channel and buried eiiannel devices are integrated on said 

7 semiconductor structure. 

1 39. The method of ckim 38, wherein a carrier channel of a surface chaaoel 

2 device is provided is either said Si layer or said Sis-yGCy laj'ex. 

1 40, The method of claim 38, whei-ein tie semiconductor structare is undoped. 

1 41, The method ofciaim 38, wherein y<x, 

1 42. The me&od of claims 39 or 41 , whereiji y is approximately 0, 
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1 43- 'ae method of claim 38 tirttier coroprisiiigplaxmrmttg at least oiie surface. 

2 

1 44. The method of claim 3S, wheiein liis subsixate compiises Si. 

J- *^5- The mefeod of claim 38, wfeetein ihe subsfrate comprises Si wttij a kyer of 

2 SiO,. 

1 46, The me&od of daim 38, wiierem the subsfrate comprises a graded 

2 composition SiGe layer on Si 

1 47. The method of eJaim 46, whersin the suhsfrate fer&er comprises a tmi&im 

2 composition Sij ./i&g^ layer or said gnaded compositioij layer. 



1 48. llie method of daim 47, wherein z is appioximately equal to x. 

49. The method of claim 48 , wherein the surface of the substrate is pknarized. 

1 50. Ihe method of ckim 38, wherein the substrate comprises a ani&rra Sis. 

2 «;GeaIayeroiiSi 

1 51. The method of claim 50, whereia z is approximately equal to x, 

1 52. The method of claim 5 1 , wherein .sxuface of the substrate is piatianzed. 

1 53. Tlie method of ckim SO, whereio tlie SiuzGa^ /Si stnictiu-e is formed 

2 through wafer boadiag. 

1 54, The meihod of claim 50 fxirfeer comprising a SiOj kyer between the 



2 miifoim Si uGest Jayer and the Si. 



1 55, The method of claim 54, wherein z is approximately equal to x. 

1 56, the method of ckim 55, wherein the surface of are substiate is plauarized. 

1 57. A method of fabricating a semiconductor atructare comprising: 

2 pmndiisg a rekxed Si^^Gex layer; 

3 planaiizing said relaxed Bu.^Qc^ kyerj and 

4 providing regrowo device kyeis on said pknarized relaxed Sii./jex kyer, 



5 whereia 

S surfece chmmel and barfed diamiei devices aie iaregrated on said 
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7 semiconductor structure. 

1 58, The method of cJaiia 57, wherein die XQgxown device layers kclude a Sij. 

2 yG% layer of ftiic1tiie.ss U; a Sij,wG% layer; a Si;-.iiOea layer hmrng supply dopaate; and 

3 a Si layer. 

1 59. The method of claijn 58. wherein h is approximately 0. 

1 60. The method of claim 58, wherein w<x mi &e supply dopants are n-iype, 

1 6L The method of cUim 57, whereaa a caxrier ohamiel of a surface chaanel 

2 device is provided in either said Si layer or said Si^-^vGe^v layer. 

1 62. A method of fabricats.Bg an iutegKited circs!.ii: ccsmprssiiig: 

2 integrating at least one surface channel MOS.FET a»d at least- one buried 

3 channel FET on a relaxed SiKx<3«x ^iayer that is provided on a snbstrate, 

1 63. Hie metliod of claim 62, wherein the sarfece channel MOSFET comprises 

2 a Sii.yGey layer w ith y<x; a Si layer of thickness h; a gate dielectric; and a highly 

3 conductive gate layer, 

1 64. The method of claim 63, wherein h and y are approxitnately 0. 

1 65. The nieihod of ciaira 64, wliereiu the buded channel FET comprise,'; a Si{. 

2 yG&y layer with y<x; a Si s-«fGe.A> layer; a Si layer; a gate djelectrie; and a highly 

3 conductive gate layer. 

1 66. '.Oie method of ckim 65, wherein y is ap|')roximately 0. 

1 67, The method of cJaiffi 64, wherein the buried chajmel FET comprises a Si t. 

2 yG«y layer with y<x; a SiuvvGew layer; a Si layer; and a highly conductive gate layer. 

1 68. Hie mstiiodofclaim 57, wherein y is approximately 0. 

.1 69. The method of claim 62, wherein the m-dac& chamiel MOSFET comprises 

2 a Sij.yGe^, layer with y>x, a Si5.«,Gew layer; a Si layer; a gate dielectiic; and a highly 

3 condiictive gaie layer. 

1 70. The method of claiin 69, wherein the buried channel Ffi'T comprises a Sij, 

2 vCiC;,- layer with y>x; a Sit.uGew layer; a Si layer; a gate dieleetriG; and a highly 

3 conductive gate layer. 
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1 71. The method of claim 70, wtoeui y is approxiniateiy I. 

1 72. The method of claim 6% vfh&mtx the hmkd chmael FET coiigjriges a Sii. 

2 yGey kyer with y>x; a Si j-^Ge* layer; a surface Si layer; a highly conductive gate layer. 

1 73. The method of cMm 72, whereiji y is approximately i . 

1 74. The mefcod of claim 62, whisnsin the relaxed Sij-xGes further coiapiises at 

2 least one plagiarized surface, 

1 75, A melhod of fabricating a semiconductor circuit on a heterostmcture, said 

2 heterostniciure inctoding a relaxed Sit-xGcx layer on a substrate, a Sii-yGCy layer on said 

3 relaxed SiuJjo^ layer, s Si^^^ae.^ layer on said Sii.yGey layer, and a Si layer on said Sii. 

4 wGe^y layer, said jnefeud comprising; 

5 integi-ating stjrface chamiel and buried channel devices on said heterostractnre. 

1 76, The method of claim 75, wherein a carrier channel of a surface chaimel 

2 device is provided in eitijer said Si lay^ or said Sit-yGey layer. 

1 77, The- method of claim 75, wherein the semiconductor structure is undoped. 

1 78, 'iixe method ofciaim 75, wherein y<x. 

1 79. The meiiiodofclaims 76 or 78, wherein y is approximately 0. 

i 80. The me&od of claim 75 further comprising planaddng at least one surfece. 
2 

1 SI , The method of claim 75, wherein the substrate comprises Si. 

1 82. The method of claim 75> wherein the snbstrate comprises Si wift a kyer of 

2 SiOj, 

1 S3. Ths mefeod of claim 75, whereia fee substrate comprises a graded 



2 composiiioB SiGe layer on Si 

1 84. The method of claim 83, wherein fiie substrate ferfeer comprises a imifonn 

2 con^osition Si^jGej.. layer on said graded composition layer, 

1 85. Hie method of claia: S4, wherein z is approximately equal to x. 

1 S6. The method of claim SS, wherein the surrace of the sabstrate is piasarissd. 
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1 S7. TfaemetfeodofcMtaTS, wherein the substnite comprises a umform 

2 Sii-aGes layer on Si. 

1 88. The me&od of claim 87, wberein z is approximaidy equal to x, 

1 89, The method of claim 8S, wherein the sutface of tiie stibstrate is pteaiaed. 

1 90. Hie method of claim 87, wfeerein tiie Sii-^Gss /Si siructare is {onmd 

2 thmiigirwaferbondmg. 

X 91, Tliemetljod of ckini 87 fiic&er comprising a SiOjlayss- between the 

2 uniform Sii.j..Gc\ layer and the Si. 

1 92. The jriethod of chmn 91 , whotcin z is approxmiateiy equal to x, 

1 93, 'Die method of olasm 92, wherein the surface of the substrate is planarized. 

1 94, A iiieSiod of fabricatmg a semiconductor circait on a heterostmctiii'e, said 

2 heterostmcUire itjcluding a pJanarised relaxed Sij./.iex layer on a stsbstrate, and 

3 regrown device Isyem on said planarized relaxed Sis,xGex layer, said method 

4 oomijrisiiig: 

5 integrating surface channei and buried chaimel devices on said heterostmctare, 

1 95. The me&od of claim 94, wherein the regrown device layei-s iiichide a Sij. 

2 yOey layer of feickness h; a Sif .\vGe«. layer; a Sii.«Ge« layer having supply dopants; and 

3 a Si layer. 

1 96. The method of claim 95, wherein h is approximately 0 . 

1 97. The method of cJaim 95, wherein w<s aiid &e supply dopatits are n-type. 

1 98. The method of claim 94, wherein a carrier channel of a snrface chanael 

2 device is provided in either said Si layer or said Sij.,vG8w layer. 



wo 02/071488 



1/17 



XSmfovmS'ix 


yGCy 






Compositionaily gradet 




XrO 






/ 



wo 02/071488 



2/17 



Uniform SiGe Layer 






Graded Layer 






Si Substrate 





_ Misfit 
Dislocatioa 



wo 02/071488 



Type of Surface A' 


rarage Roaghti«$s 




(nm) 


As-grown graded composition rehixed SiGe 


7.9 


Pianaiized SiGe 


0.57 


Regrowth SiGe, lattice-matched 


-0.6 


Regrowth SiGe, slight mismatch, thickness Kl.Sfim 


0.77 



wo 02/071488 



4/17 



vcmmnKmn 




wo 02/071488 



5/17 




wo 02/071488 



6/17 




wo 02/071488 



7/17 




wo 02/071488 



8/17 



Fl&.lC 




wo 02/071488 



9/17 



SiGe SacrijEicial Layer 



Strained Si 
Channel 



Poiy or amorphous Si, SiGe, 
or Ge Sacrificiai Laver 



Strained Si 



-Oxide. 



fiC. % 



I 



Ge -rich Strained Laver^ iOC 



m.73 



\i I, \ / \ , \i 



Relaxed SiGe 



- Ge- rich Strained Lsv&r 



StraineS Si 
_ Channel 



wo 02/071488 



11/17 




wo 02/071488 



12/17 



I ReiaxetJSiGe -fv- ||60 




j 8^-Al(griatt gasp Sotifce-Dtaif! im?«afi 



m.ii 



wo 02/071488 



13/17 




wo 02/071488 



14/17 




wo 02/071488 



lS/17 



mo 



mi 



Stripped Surface 
Layers^ /3!;S 



i 



Surface Channel 
Actfv© Area 



wo 02/071488 



16/17 



Gate Oxide 
for Surface 
Ciiannel j 



Supply Layer 
Impiant ^ WC^ 







^ =-^^ 


J p 




■f-r + + -4- + ^ + -J- 4.4- ,.,L_ 


I qevics Channsi , , 








1310 





-mi 



Gate Oxide^ 131^ 



S 




m 


+ + + + + + + 4-^ 


- — ^36-7. 













wo 02/071488 



17/17 




INTERNAHONAL SEARCH REPORT 


PCT/US 02/03691 


A. CLftSSit-lGATtCS OF SySJgCT SSATT6B 

IPC 7 H01L27/092 H01L29/778 H01L2i/8238 








tiiK«iis!«;!si Patataa«ssifertiOfs OPOOfto&olff ftstiorisl i.*!SsSfiss(kiflami(PC 










HOIL 








£!ee!fon!e aata tos* eofsaoitsS during the mteasafcaa! search <ftame ot daJa base and, whew pta^fcai. aeart* tesm ussij) 

WPI Data, PAJ, IHSPEC, EPO-Internal, IBMB 


C, DOCOMgNTS CWiSWEREOTO BBfiEUeVAST 




CitafSon of toumBot. with hdieafen, whsrs appwpnaJe, of tefevanl passages 


Ftetevat« Is cii9im No. 


X 
Y 


t? 0 683 522 A (IBM) 

22 Noveffiber 1995 (1995-11-22) 

column 5, line 19 ~colt«sn 13, line 17; 
ftgures 1-8 


1-5, 

14.17. 
18. 

£5-36. 

38-42, 

44-48. 

50,51, 

54,55; 

62-73. 

75-85, 

87,88, 

91-93 

6,12,15, 

16, 

19-24, 
37,43, 
49.52. 
B3, 


p(| FartherttonwflJaswBsfsdinffts siM«teaJ8oa<>f!w»tC. |]( | Patenlfstn8ym»»*e(SiSf«Es»«fetfB«ni»e)f. 


-SPfsetfiicaiesoteoiate^ftocuments: . . . .. 

-T- !at(»docu»iBtit)>u)>ti^d after Hie icitetnattonaiii^tHLte 

^-..^ t,^.-... ^„ « w - orpBOfity«tJifiaflrino(!ficoii!tiaSwithft!8 spplJcaiifW tet 

^^S^^Vl?ra^"'^^*^ dl«|lto^«ite«itaiKitheff!i!ap!» 81* i> Uf <te ty jtg the 
t art-s dor r ^e(• 0 ^p he *■ atwtai x* dott men MpaWoufar fits sm-* tiifi 
1. doeument tin n iu)n)o mcive aa {nvertice tap vftwibed mc f> 


O- cU at 




aetaat t»mciei»!i ot tna Bnumaiioiial ssaftij ! Data ot nraJiKO oJ 






3 July 2002 | 10/07/2002 






r«.-2280HVR)jSw^fc ! 

FsB;(.tai-7B} 34(5-3016 j Bertnoid, K 





Pons iscasAa-i a {seeanf *seti y-^i tssa.! 



page 1 of 3 



fMTERNATIOPJAL SEARCH REPORT 



CfGoniinuatWo) DOCOKEm-SCONSlDeBeO TOBE RSLfiVAtJT 

Caieoofv " I CSatri!! 8t aoftinisM with WieM»a'^i«B appispJtete, « >ne tstesaw passssgss 



!nt< <n0i Apinfjcatlon Ko 

PL)/ US 02/03691 



56-61 . 
74,86, 
89.90, 
94-98 



mm K ET M: "STRAINED-SI 
HETEROSTRUCTURE FIELD EFFECT TRAKSISTORS" 
SEMICONDUCTOR SCIENCE AND TECHfjOlOSY, 
INSTITUTE OF PHYSICS. LONDON, SB, 
vol. 13, no. lU 

1 Novesnber 1998 {1998-11-01), paqes 
12Z5-1246, 5(POO0783138 
ISSN; 0268-1242 

page 2237 -page 1243; figures 15-26 

O'NEILL A S ET AL: "SISE VIRTUAL 
SUBSTRATE N-CHANMEL HETeROJUNCTIOfi 
MOSFETS" 

SEMICOIiDUCTOR SCIENCE AND TECHM0L05Y. 

INSTITUTE OF PHYSICS. LONDON, SB, 

vol. 14. no, 9, September 1999 (1999-09), 

pages 784-739, XP0008S02i9 
ISSN: 0268-1242 
abstract; figures 1,2 

EP 1 020 900 A (MATSUSHITA ELECTRIC IfiD CO 
ITO) 19 July 2000 (2000-07-19) 
paragraph 'OOO'J! - paragraph '0020!; 
figures 13, X4 

PARKER £ H C ET AL: "StSe heterostructure 
CMOS circuits and applications" 
SOLID STATE ELECTRONICS, ELSEVIER SCIEHCE 
PUBLISHERS, BARKINS, SS, 
vol, 43, no. 8, August 1999 (1999-08), 
pages 1497-1506, XP004179394 
ISSN: 0038-1101 
figure 7C 

yELSER J ET AL: "N«QS and PHOS 

trar^slstors fabricated in strained 
s 1 1 i con/rel axed s 1 1 1 coii-gsrnianl oti! 
structures" 

ELECTRON DEVICES HEETW6. 1992. TECHfjlCAL 
DIGEST., INTERNATIONAL SAN FRANCISCO. CA, 
USA 15-16 DEC. 1992, NEJs YORK, NY, 
USA, IEEE, US, 
13 December 1992 (1992-12-13), pages 
1000-1002, XPOi0106665 
ISBN: Q-7803-<0$i7~4 
abstract; figure S 

-/- 



1-5. 

25-36, 

38-42, 

62-73, 

75-88 



1,2 



page 2 of 3 



INTERNATIONAL SEARCH REPORT 



Pt,t/uo 02/03691 



CfConKwstWn) OOCiJiagfiTSCOSiSSCSBEe TO BE fifi^.£VA^!T 






ftete»!Sfi(io(3aiB!fto. 


X 


ICLStR J HI AL. : "Evidence of real -space 


1-S 




hfjt-<5lectror) transfer in hlqh mobility, 






5traTn€-£i-S1 iiiulti layer MOSFETs" 






ELECTRON DfVT.Cr.5 Mff.TING, 1993, TKHfSrCAL 






DIGEST., IfiiTERf'iAriONAL WASHIMGION, DC, USA 






5-S D^C. 1993, WM YORK, MY, USA, IEEE, 






b Decetuber 1993 (1993-12-05), pagss 






5^35-548. :^P010118436 






ISBN:: 0-7803-1450-6 






abstract; figure 5 




X 


US 5 906 951 A (CHU JACK OON £T AL) 






25 flay 1999 (1999-05-25) 




coluiTin 3. line 31 -column 3, line 47; 






figitrss 4 






WO 01 93338 A (AMBERIMVE SYSTEMS CORP) 


1-98 




6 December 2001 (2001-12-06) 






the whole docuiaent 




£ 


m) Qc IMol A lAr^BtSWAVt aibltm tURr) 


1-38 




in {-eDruary dwi (c\iQc~\}c~LH) 






the whole docuinefit 






Z 

lis 5 891 /o9 A {mM STELLA Q El AL) 


6 , 12,15, 




6 April 1999 (1999-04-Q6) 


16, 






1 9-24 , 






37,43. 






49,52, 






53, 






56-61 , 






74 , 86 , 






89,90, 






94~98 




cotuijjd 4, line 48 - T1ne 5/ 




A 




1-9S 




f^£-grown relaxed SIGe buffers" 






THIS SOLID nmS, ELSEVIER-SEQUOIA S.A. 






LAUSANNE, CH, 






vol, 369, no. 1-2. July 2000 (2000-07), 






pages 14S-151, Xp604200344 






ISSN: 0040-6090 






page 150; table 1 











sits teo!*n;:i!!ii!B «" -isfsafsi «Js«t5 iiiliy IBSa) 



INTERNATIONAL SEARCH REPORT 



Pi,i/uS 02/03691 















f^ied 'm ssartSi report 








membats) 


date 


EP 0683522 


A 


22-11-1995 


US 


5534713 A 










£P 


06S3S22 A2 


22-11-1995 








JP 


2994227 82 


27-12-1999 










7321222 A 


08~12~199S 


EP 1020900 


A 




CM 


1260595 A 










£P 


1020900 AS 


19-07-2000 








<3P 


2000269501 A 


29-09-2000 








TW 


439300 8 


07-06-2001 


US 5906951 




25-05-1999 


OP 


2908787 82 


2 J -06-1999 










1030SS03 A 


17™lj„4g9g 








TW 


38S969 B 


Q J -05-2000 








US 


6059895 A 


09-05-2000 


WO 019333$ 




{J5_j2-g00l 


AU 


6321101 A 


ll~lZ-ZQOl 








WO 


0193338 Al 


0g„j2-2OOl 








US 


2002052084 Al 


02-05-2002 








US 


2002017644 Al 


14-02-2002 








US 


2002030203 Al 


14-03-2002 


WO 0213262 


A 


14-02-2002 


AU 


8313SQ1 A 


18-02-2002 








m 


0213262 A2 


14-02-2002 








us 


2002068393 Al 


06-06-2002 


US 5891769 


A 


06-04-1999 


JP 


1030S513 A 


17-11-1998 



